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An Analytical investigation of Visco-elastic Effects in the 
Lubrication of Rolling Contact 


By Ratpu A. Burton! 


The pressure distribution in the lubricant film separating two cylindrical rollers has been 
computed for a Newtonian fluid and for a Maxwell fluid. A compa, ison of the results indicates 
that shear elasticity can have effects of first-order significance on both the magnitude and 
form of the pressure distribution function, reducing load-carrying capacity and maximum 
shear stress in the film by sizeable amounts. 
The equations for visco-elastic flow are discussed with emphasis on thin films. The integral 
form in which these equations are applied in this paper is not commonly used in lubrication 
theory, and, in the estimation of the writer, offers some advantage in other bearing problems 
particularly when numerical computations are to be used. 


List of symbols 
a, point of film where pressure build-up of lubricant 
initiates; a specific value of x. 
A, dimensionless equivalent of a, defined as a//(hoR). 
G, modulus of rigidity in shear for lubricant. 
h, thickness of lubricant film, a function of x. 
ho, thickness of lubricant film at origin of x. 
H, dimensionless equivalent of h, defined as h/ho. 
M, dimensionless viscosity, defined as u/ya 
Ny, relaxation number, defined as TU/+/(hoR). 
p, pressure in lubricant film. 
Pzx, normal stress (parallel to x-axis, and on a plane 
normal to x-axis). 
P, dimensionless pressure, see Eq. [19]. 
Q, volume flow rate per unit width of film. 
R, radius of curvature of bounding surface of film, see 
also Eq. [15]. 
T, relaxation time for fluid, defined as ./G. 
u, velocity component along the x-axis. 
U, magnitude of velocity of bounding surface; 
W, dimensionless load-carrying capacity of film, see 
Eq. [27]. 
x, in thin film equations, co-ordinate of position 
measured in direction of fluid movement. 
X, dimensionless equivalent of x, defined as x/+/(hoR). 
y, in thin film equations, co-ordinate of position 
measured normal to bounding surface from midline 
of lubricant film. 
y, an arbitrary value of x used to avoid confusion in 
certain integral equations. 
I’, dimensionless equivalent of y. 
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#, absolute viscosity of lubricant. 
Ha, lubricant viscosity under entry conditions, 
Tzy, Shear stress, parallel to x-axis and on a plane normal 
to y-axis. 
Tzy, dimensionless shear stress, see Eq. [28]. 
():, for any subscript represented by z here, this notation 
refers to the magnitude of the variable in parenth- 
eses at the point specified by the subscript. 


Introduction 


Tue variables of major significance in the lubrication of 
rolling contact are not only large in number, but they are 
interrelated in such a way that it is frequently meaningless 
to take account of one without taking account of others. 
For this reason, analytical studies in the past have been 
somewhat unsatisfactory when an attempt is made to apply 
their results to the interpretation of actual phenomena. 
With the general availability of high-speed electronic 
computers, it is now possible to take account of much more 
complicated situations than was formerly possible, and it 
is expected that useful computed results can be made 
available through the use of these computation aids. 
Nevertheless, even the more advanced computers are still 
limited as to the number of variables and the complexity 
of the equations in which these appear, and it remains 
necessary that a number of secondary variables be evaluated 
as to their potential importance in order to determine 
whether or not they should be given primary consideration 
in computations. 

Shear elasticity is one of these factors, whose possible 
importance becomes obvious once the differential equation 
of the lubricant film is written. Examination of the magni- 
tudes of the coefficients of the terms of this equation 
indicates that the term involving elasticity is not sufficiently 
small relative to the other terms to permit its being dropped. 
On the other hand, it has not clearly been established as 
to just how important the effect of this term is on the final 
results as to, say, load-carrying capacity or maximum shear 
stress, 
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Unfortunately, shear elasticity is not like some variables 
that can be accounted for by a “correction procedure” 
which involves small adjustments on the final results. It 
enters the basic equation of the film, and modifies ensuing 
calculations in a complex manner. For this reason, it has 
been judged pertinent that the simple study reported here 
be undertaken, in order to determine both the magnitude 
and type of effect that would result in a situation closely 
approaching actual rolling contact. 

In the computations offered here, no effort has been made 
to take account of existing data on measured values of 
shear elasticity, or other fluid properties, save to provide 
order of magnitude estimates. The principal results are in 
dimensionless form, and may be applied to a variety of 
situations when suitable data are substituted into the 
dimensionless groups. 


The Concept of Shear Elasticity 


Maxwell (1) first pointed out that fluids subjected to 
shear stress may undergo elastic deformation in addition 
to viscous flow, and he set down a mathematical statement 
which serves to define a class of visco-elastic fluids, known 
as Maxwell fluids. Frenkel (2), Eyring and associates (3), 
and others have developed the kinetic theory of fluids of 
this type, and have shown that even simple fluids must 
exhibit shear elasticity. For very simple liquids such as 
molten metals, the shear modulus is roughly equal to that 
for the same solid material, while for polymer solutions 
and other complex liquids shear modulus may have a range 
of measured values, depending upon the rapidity of stress 
application. Data are available on the effects of frequency, 
along with temperature and molecular size for a number 
of fluids (10). However, the effects of high pressure upon 
shear elasticity have not been fully determined. It has been 
predicted on theoretical grounds (3) that this effect is large, 
thereby making uncertain extrapolations from existing 
data. In view of this uncertainty, both relaxation time and 
viscosity have been dealt with as constants in the present | 
investigation. 

The elastic deformation in liquids is usually disguised by 
a relatively large viscous displacement in most stress 
situations. On the other hand, for highly viscous fluids like 
tar, and for cases of very rapid stress application, the 
elastic properties of the substance may predominate over 
the viscous. Cameron (4), Borsoff (5), and others have 
indicated that the time constants of loading of gear teeth 
and rolling-contact bearings are in the range where shear 
elasticity may be of importance, and their statements have 
recently been echoed by O’Donnell (6); Gatcombe et al. (7), 
have computed the “contact time” for gear teeth, with 
reference to relaxation phenomena among others. Except 
for a paper by Milne (8), who shows quantitatively that 
shear elasticity can be significant in flow through a bearing, 
little has been done to determine how important this effect 
is, particularly in the case of rolling contact. Milne has set 
down the differential equations for a thin film of Maxwell 
fluid and has solved these for flow in an exponentially- 
diverging slot with moving walls. Because of mathematical 
simplifications resulting from the particular choice of 


BurRTON 


boundary, he has been able to obtain a complete solution 
within the limits set. The work reported here may be 
thought of as extending this analysis specifically to the 
problem of the rolling cylinder, thereby broadening the 
application, while adding certain necessary approximations 
which will be spelled out in the derivations that follow. 

Considerable effort has been expended on a closely- 
related problem dealing with visco-elastic substances in 
rolling-mills. This work has been summarized and extended 
by Paslay (9), and represents many ingenious approaches 
to the problem, though these are not directly applicable to 
the task at hand. 

It should be pointed out that the Maxwell model serves 
only as a first approximation of the actual, more complex, 
visco-elastic lubricants that may be encountered in practice. 
In view of the above noted lack of adequate data, the use 
of a more complex model in an exploratory investigation 
would not contribute to insight into visco-elastic phenomena 
in proportion to the added complexity of analysis. The case 
chosen for investigation here corresponds to a lightly- 
loaded, high-speed roller bearing or gear. Temperature and 
surface deformation effects along with compressibility are 
assumed to be negligible in the present investigation. This 
does not mean to imply that these effects are thought to be 
unimportant. It is fully intended that the results given here 
may eventually be supplemented by more complete investi- 
gations, as mentioned above. This is a major undertaking, 
and it is expected that results will not be available for a 
considerable period of time. 


Simplified equations for thin, two-dimensional 
films 

The derivations which follow are closely related to the 
classical hydrodynamic derivations applicable to lubricant 
films (11), except for the inclusion of shear elasticity. 
Futhermore, the special problems of applying the Maxwell 
flow equation to lubricant films have been discussed by 
Milne in some detail. In view of this, only an outline of the 
derivation need be given here. 

Let an x-axis be taken along the direction of fluid move- 
ment, and let a y-axis be taken normal to the surface, and 
let a z-axis be taken parallel to the boundary and normal 
to the direction of movement. For two-dimensional flow 
the velocity component along the z-axis must be zero. and 
for a very thin film the velocity component along the y-axis 
must approach zero. Under these circumstances and for 
the condition of steady flow, the defining equation for the 
flow of a Maxwell fluid reduces to the following form in a 
thin film. 
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Under similar assumptions, including the neglect of inertial 
effects, the equation for equilibrium of stresses may be 
written 
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Furthermore, since the rate of dilatation of fluid particles is 
small compared with the rate of shearing in the film, the 
distinction between p and pzz may be relaxed since their 
difference is secondary compared to the other variables in 
Eq. [2]. Futhermore, following classical film theory, it may 
also be assumed that the variation of p in the y direction 
is very small in thin films, and Eq. [2] becomes 


-— = =-— 3]. 


Integrating with respect to y and differentiating with 
respect to x 





Orgy d2p 
-=*-(4)» i] 
Ox dx? 
and substituting into Equation [1] 
1 d2 1/d 1 Ou 
262) -1)-18 
G\ dx/ pdx) yay 


It should be pointed out that G, py, etc., do not need to be 
constants. 


Conversion of the film equation to integral form 


To continue with the simplification of Eq. [5], it is con- 
venient to introduce a new item of notation, T (defined by 
the relationship JT = y/G) which may be identified as the 
characteristic relaxation time of a Maxwell fluid. Though 
the variation of T will be dealt with briefly, there is value 
in holding this quantity strictly constant for the immediate 
derivations. In terms of 7, Eq. [5] becomes 


d2 d é 
dx2 


The geometry to which this equation will be applied is 
shown in Fig. 1. Here the origin for the x, y system of co- 
ordinates is the intersection between the midline of the 
film and the line of centers of the bounding cylinders. The 
symbol h designates the distance between surfaces, or “‘film 
thickness”. The cylindrical surfaces are moving steadily 
with the speed U, and the geometry of the system is constant 
with respect to time for the case of steady rolling. 

Returning now to Eq. [6] and making use of the geometry 
of Fig. 1, note that at the bounding surface this equation 
becomes 


[6] 
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Fic. 1. Diagram illustrating terminology. 














When T is constant, this can be shown to be a commonplace 
linear equation which is formally identical with the equation 
for an arbitrary forcing function applied to a simple mech- 
anical system consisting of a mass and a dashpot. This 
equation may be transformed into an integral equation by 
any of several classical means 


Ge 
(hy=[F(S) {1-epte-nirv]} 18) 
h \@y/ nya 
a 

This states that the pressure at an arbitrary value of x 
(namely, y) can be obtained from a definite integral con- 
taining y, both as a limit and as a constant parameter. This 
equation may be integrated numerically or graphically by 
straightforward techniques. The lower limit, a, is the point 
where a continuous film begins and may be put at —oo, 
mathematically, without difficulty. For a numerical cal- 
culation it is placed a “large distance” away from the 
origin—sufficiently far for a change in the specific location 
of (a) not to affect seriously the values of computed 
pressure. 


Continuity considerations 


Before Eq. [8] may be applied, the partial derivative must 
be expressed in terms of other factors. This can be done 
easily if the velocity profile across the film is known (or 
may be assumed), whereby the velocity u may be related 
to the overall flow rate QO. This quantity Q will be set by 
certain “end conditions” for the film; and, by virtue of the 
requirements of steady state and continuity, Q is not a 
function of x. In view of this, Eq. [8] may be integrated 
even though the magnitude of Q is not known, and afterward 
the proper magnitude can be established on the basis of 
this integral, as will be discussed under the heading of “End 
Condition” below. 

Eq. [6] may be integrated with respect to y without 
difficulty to yield a velocity profile (8), when it is assumed 
that 7 and p are not functions of y. However, it is found that 
the shape of this profile is influenced by both the first and 
second derivatives of the variation of pressure with respect 
to x. It is possible to account for this in an iterative pro- 
cedure whereby pressure is computed on the basis of an 
assumed velocity profile, and this pressure distribution can 
be used to compute a corrected velocity profile. This 
procedure may be repeated iteratively until compatibility 
is obtained. For present purposes, however, it will be 
assumed that the velocity profile is parabolic, this being 
correct for viscous flow and only somewhat in error for 
Maxwell flow. 


Conservation of Volume 


The volume rate of flow of lubricant down a channel 
can be computed in terms of the parameters of the velocity 
profile shown in Fig. 2. 


Q = Uh+ = mach (9] 








u'=u' max ['-tays mi*] 
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Fic. 2. Assumed velocity profile in lubricant film. 


For the given type of velocity profile the magnitude of the 
slope at the wall is 


(=) = 4u'max/h = 6(Q—Uh)|h [10] 
ay ase — max em 


Returning now to Eq. [8] and substituting the above 
relation into this 


(p)y e 12 (= =.) {1 -expi(e—)/7U}}av 
a [11] 


End Condition 


Fig. 3 shows how the lubricant films on the two surfaces 
join at (a), enter the region of stress, and then part again 


FLUID FILM! 











Fic. 3. Diagram showing initiation of pressure build-up at (a), 
and parting of film at (b). 


at a certain point following the region of closest approach. 
The final parting of the film at (b) must take place where 
the pressure has returned from its peak value back to its 
initial value of zero-gauge. Mathematically this can be at 
any of a range of points along the surface, depending upon 
the magnitude of Q. Poritsky (12), McEwen (13), and others 
have discussed the specific set of circumstances the film 
must meet at the point of division, and it is agreed that for 
viscous flow parting must occur at the point where pressure 
and pressure gradient simultaneously go to zero. (This 
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condition has also beer attributed to Lord Rayleigh.) At 
this point in the film, there is no shear and the parting 
layers leave in a state of equilibrium for viscous flow; 
however, this is not exactly the case for Maxwell flow. 
The end condition can bear further study in view of large 
surface tension effects that may be present. No comput- 
ational difficulty is encountered in satisfying these conditions 
in the present type of calculation. 

Two integrals may be taken from Eq. [11] as follows, 
calling them respectively J and J. In the integral J, the 
unknown quantity Q/U has been assigned a value of unity. 


Y 
I = | (1/h8){1—exp[(x—y)/TU}}dx [12] 


a 


Y 
I= |(1/h){1 —expl(x—y)/TU}}dx [13] 


Since these integrals can be evaluated so as to represent 
known functions of y it is possible to define a new function 
in terms of these according to the relation 


-————=$ [14] 


When ¢ goes to zero, the prescribed end condition will be 
met. 

Once the location of the end position is found in the 
above fashion, the magnitude of O may be computed from 
the quotient J/I evaluated at the end point. 


Conversion to dimensionless form 


The dimensionless functions of hydrodynamic film 
theory may be applied directly to this problem when sup- 
plemented by an additional group which will be called the 
relaxation number. To begin with, the most useful typical 
length for the given system is +/(Rho), where R is the 
radius of curvature of either cylinder (when these are 
identical). When these are different 


1 1 1 


— 15 
R R, Be U5] 
Assuming that the contour of the lubricant film may be 
dealt with as a parabola (rather than a true circular arc) in 
the region of contact 


h=hot+x?/R [16] 
Dividing through by ho and defining X as x//(Rho) 
H = h/ho = 1+x?/Rho = 14+ X2 [17] 


This also serves to define H, the dimensionless film thick- 


ness. 
Returning now to Eq. [11], let us nondimensionalize the 
exponent, which involves relaxation time. If we let T = 


y//(Rho), then 


Se Oe eee ee 
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y—% Vv (Rho) 
et Oe a 


Note that X is the same dimensionless variable that enters 
into the expression for film thickness. In a sense the product 
TU may be thought of as “relaxation length” if the film, 
and the dimensionless quotient [TU/+/(hoR)] relates this 
to the “typical length” of the system, and will be termed 
relaxation number, and will be given the symbol N, (not 
to be confused with Reynolds number Np). 

Now making use of the classical dimensionless pressure 


pho?/? 


oe [19] 


Eq. [11] may be rewritten to read 


(P)r = f M (=, - 55) {1-exptx- T)/N;]\dX [20] 
A 


Here pa is the value of viscosity at entering condition, and 
M is a dimensionless measure of local viscosity, when this 
is variable. 


Computed Results 


Complete numerical solutions to Eq. [20] were carried 
out for three values of N,: 0, 0.5 and 1. These permit 
evaluation of the magnitude and trend of the influence of 
relaxation upon several important properties of the pressure 
function. The case of N; = 0 should correspond to the 
well known solution for simple viscous flow (11), but when 
the load-carrying capacities for the two cases are compared 
it is found that the present solution is about 20% high. 
This is due to the several factors, among which are that, 
due to certain computational advantages, the film ‘only 
extends to X = 4 rather than X = oo. These difficulties 
should be of little importance in comparing the relative 
effects of relaxation under the same conditions in each 
case. 

Fig. 4 shows the pressure functions for each of the three 
cases, illustrating how the general form is preserved while 
relaxation reduces the magnitudes involved, and shifts the 
pattern away from the entry point. Note that fluid moves 
from right to left in this figure. 

Dimensionless load carrying capacity and maximum 
pressure are plotted against N, in Fig. 5, and a reduction 
of both is found to be sizeable. Actual load-carrying 
capacity w can be computed from W according to 


w = WuUR|ho [21] 


In view of this we may also conclude that for the same total 
load, film thickness must be reduced by a factor of 0.64, 
for Ny = 1. 

Movement of the position of the pressure maximum is 
of some interest, since simple theory (based upon very 
short relaxation time) would call for this to be displaced 
an amount equal to N;. Fig. 6 shows the computed vari- 
ation. 


Though it is of little interest from the point of view of 
lubrication theory, the ratio of exit film thickness to ho is 
of interest in the case of the rolling-mill problem, and for 
this reason Fig. 7 has been prepared to show the variation 
of this quantity. This also gives a measure of fluid flow 


rate, O/UNo. 
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Fic. 4. Pressure distribution function for three values of the 
dimensionless relaxation number N;. 
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Fic. 5. Dimensionless maximum pressure and dimensionless load 
carrying capacity as modified by relaxation number. 


From the slope of the pressure curves in Fig. 4, maximum 
shear stress has been computed, and the variation of this 
factor is shown in Fig. 8. The influence of relaxation is 
most pronounced here, dropping shear stress to one-third 
of its value for viscous flow, when N, = 1. For use here the 
dimensionless shear stress, Ty is defined by 


Tzyho?!? 


70 12UpgRV? 
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Fic. 6. Shift of position of maximum pressure as a function of N;, 
position measured in terms of the dimensionless co-ordinate x. 
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RELAXATION NUMBER, Nr 


Fic. 7. Variation of dimensionless flow rate, Q/Uho, and also 
variation of relative outlet film thickness, h»p/ho, as a function of Ny. 


In order to render the above numbers into more meaning- 
ful form, note that under the following conditions the time 
constant of rolling contact, ./(Rho)/U, would be 3.16 x 10-6 
sec: 


R = 0.01 ft 
U = 100 ft/sec 
ho = 10-5 ft 


If the relaxation time for the fluid were 3.16 x 10-6 sec, 
then N, would be unity. For simple liquids exhibiting only 
structural rigidity, the shear modulus is relatively high, and 
typical relaxation times would be about 10-® sec. On the 
other hand, polymer solutions may have relaxation times 
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DIMENSIONLESS SHEAR STRESS, Tyy 











RELAXATION NUMBER, Nr 


Fic. 8. Variation of dimensionless maximum shear stress with Ny. 


as low as 10-5 sec. Under conditions of high stress, even 
substances with relatively high shear stiffness may have 
relaxation times as long as 10-6 sec if viscosity rises to a 
high value. 


Conclusions 


It may be concluded from the above computations that 
shear elasticity is not insignificant in its effects upon load- 
carrying capacity, and maximum shear stress in the 
lubricant film. Evaluation of the factors entering into N; 
will permit an assessment in any given situation as to how 
important this factor is likely to be. Because of the relatively 
long relaxation time in polymers, the influence of shear 
elasticity is expected to be much greater when one of these 
serves as a lubricant than when a simple liquid with small 
molecules is used. 

Examination of the curves shown in Fig. 4 leads to the 
conclusion that the principal effect of shear elasticity on 
the pressure distribution is one of magnitude and not of 
kind. Since the basic character of the pressure distribution 
is not changed, it may be concluded, tentatively, that 
neglect of shear elasticity in a computation of, say, surface 
deformation or temperature distribution will not seriously 
prejudice the trend of the results obtained, though it may 
alter the magnitudes. If this is confirmed by calculations 
presently under way, where shear elasticity is taken into 
account along with deformation and viscosity change, it 
should simplify the problem of the analyst who wishes to 
deal with as few independent variables at any one time 
as is permissible. 

Though it has not been the subject of this investigation, 
the trend of the results makes it clear that shear elasticity 
must be of importance in the analysis of flow over surface 
asperities under conditions of heavy load, since the time 
constants of this process must be small relative to the 
relaxation time of even simple liquids. Shear elasticity 
must greatly modify the flow in this case, though this 
should not be confused with a “becoming solid” of the 
fluid in thin films and under rapid stressing. 
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DISCUSSION 


EDWARD SAIBEL: 

The author is to be congratulated on attempting a solution 
of this important but difficult problem, the eventual 
solution of which may shed light not only on the lubrication 
of rolling contact elements but may also furnish a clue to 
the mechanism of gear lubrication. 

Up to now no treatment including the present one has 
been entirely satisfactory. Pasley for example in treating 
the calendering of a visco-elastic material, although starting 
from an exact analysis of Fromm makes drastic changes in 
the basic law of behavior of the material so that aside from 
other simplifying assumptions an arbitrary constant is 
introduced in the Maxwell model which vitiates the 
solution. 


Milne starts from the same basic simplified equation as 
Burton but linearizes by assuming in the first term 
(Burton’s, Eq. [1]) that the velocity is constant. 

The inherent weakness of the present paper is the 
assumption of a parabolic distribution of velocity. This 
appears to have the effect of introducing an incompatibility 
in Burton’s solution which may well be responsible for 
the error of 20% he reports when the limiting case of purity 
viscous behavior as given by his solution is compared to 
the unknown results, 

Ling and Saibel starting from the same simplified 
Maxwell model as Milne and Burton have preserved the 
non-linear character of the equation in a treatment of 
the slider-bearing without side leakage. This was reported 
on by one of them at a lecture at the Institute of Petroleum, 
London in February 1959 and will be presented for 
publication in the spring. 

In conclusion, the thought arises that if calculations on 
a digital computing machine have to be carried out to effect 
a “solution”, it would be better to use the properties of a 
real fluid rather than the crude approximation afforded by 
the Maxwell model. It is quite possible that the labor 
involved would be little more. 


R. V. Kuint, (General Electric Company, Schenectady, 

N.Y.): 

The author is to be commended for a clear presentation 
of the effects of shear elasticity in the lubrication of cylind- 
rical rollers. 

In his discussion of Continuity Considerations, the 
author assumes a parabolic velocity profile in the oil film 
added to the roller velocity U. As shown in Fig. 2, this 
produces a convex-shaped profile. However, this velocity 
distribution could exist only downstream of the peak 
pressure point between the rollers since the high-pressure 
fluid could maintain a higher velocity of fluid at the center- 
line of the flow. Upstream of this peak pressure point the 
velocity profile would appear to be concave, with the fluid 
velocity at the center-line less than the roller velocity U. 
This must be the case since only the rollers are acting to 
form the fluid film, the fluid pressure upstream being taken 
as zero. Hence, for the upstream section of the fluid film, 
Eq. [9] should be written as 


Q = Uh—(2/3)u'maxh 


For this condition the slope of the velocity profile at the 
upper roller is positive, whereas, downstream of the peak 
pressure point the slope of the velocity profile at the upper 
roller could be negative. The author appears to use only 
the positive magnitude of the slope, as in Eq. [10]. This may 
account for part of his disagreement with the case of simple 
viscous flow. Perhaps using the simplification of a constant 
velocity gradient, as does Crook!, would minimize these 
difficulties. Nonetheless, Dr. Burton’s conclusions that 
shear elasticity is not insignificant in its effects upon load 
carrying capacity remain of considerable interest. 





1 Crook, A. W., “The Lubrication of Rollers,’’ Phil. Trans., 
A., v. 250, n. 981, 1958, pp. 387-409. 
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A few minor points should be mentioned. In Eq. [7], 
[8], and [10], the velocity gradient 5u/5y should be written 
as evaluated at h/2 instead of at h to be consistent with the 
notation of Fig. 1. Also, the last term of Eq. [10] should 


read 


6(Q— Uh) 
pe 


F. W. Situ (Division of Mechanical Engineering, National 

Research Council of Canada): 

Most studies of visco-elasticity in lubrication take as 
their starting point the fact that the lubricant resides in 
the contact zone for a very short period, and they then 
proceed to analyse the process kinematically in terms of 
“relaxation time’. 

An alternative approach to visco-elasticity may be based 
on the energy balance of the lubricant. Energetically, the 
special feature of visco-elasticity is that potential energy 
of shear deformation is stored in the fluid in a way impossible 
in a viscous or a plastic material. 

The distinctive feature of “concentrated contact lubri- 
cation” is the very large amount of energy which is applied 
in shearing each unit volume of the fluid. The use of the 
Maxwell equation in such very energetic processes implies 
the physically unreasonable assumption that an unlimited 
amount of this energy may be stored elastically. 

It may be assumed that in lubricants this elasticity is 
“rubber-like” and that the maximum amount of energy 
that can be stored is limited by considerations of molecular 
geometry. A typical value for the maximum energy storage 
of a rubber-like material is a figure of 55.2 J/cm? for the 
energy-to-rupture of a rubber composition of moderately- 
high tensile strength!. 

This figure may be compared with values for the energy 
dissipated in the lubricant in a rolling-contact experiment 
in combined rolling and sliding?. In this experiment, 
energy was dissipated in the lubricant at an average rate 
of 10? W/cm? and an average element of fluid dissipated 
about 1620 J/cm in its passage through the contact zone. 

This figure for energy dissipation in a situation similar 
to gear lubrication is higher by an order of magnitude 
than the energy-to-rupture of a typical rubber and suggests, 
in a qualitative way, that visco-elastic effects may be of 
minor significance in concentrated contact lubrication. 


W. P. Mason, (Head Mechanics Research, Bell Telephone 

Laboratories, Murray Hill, New Jersey): 

The author of this paper is to be commended for his 
calculations on the very complex subject of the effect of 
visco-elasticity in lubricating liquids on the load-carrying 
capacity of a rolling contact. A simple model with one 
relaxation time has been assumed. As the author notes this 
is far from being in agreement with actual lubricating 





1 Value courtesy of Rubber Laboratory, Division of Applied 
Chemistry, National Research Council of Canada. 

2 Smitu, F. W., “Lubricant Behavior in Concentrated Contact 
—Some Rheological Problems,’’ ASLE Trans., This volume, pp. 
18-25. 


liquids. The results obtained, which indicate a decrease 
in load-carrying capacity as the exciting frequency app- 
roaches the relaxation frequency of the liquid seems to be 
at variance with the increase found experimentally by 
Borsoff® for the load-carrying capacity of spur gears. 
Perhaps the two would be in better accord if calculations 
were carried out for larger values of the relaxation number 
Ny for which the elastic properties of the liquid would 
predominate. 

I should also like to point out that the effect of pressure 
on the visco-elastic properties of lubricating fluids has been 
more completely determined than has been indicated by 
the author. Using a shear reflectance method devised by 
H. J. McSkimin‘ of Bell Laboratories, Barlow and Lamb5 
have shown that the relaxation time of a liquid under pres- 
sure is markedly increased over the value found at atmos- 
pheric pressure. The increase is in proportion to the 
increase in the static viscosity under pressure, since the 
shearing modulus in the relaxation time equation: 


T= 7/p 


is only slightly increased by the pressure. For a liquid with 
a wide distribution of relaxation modes, the effect of a 
pressure is consistent with that found for temperature 
from the Tobolsky-Leaderman-Ferry reduction formula, 
which plots the stiffness and the ratio of the dynamic to 
the static viscosity against the product of the frequency 
times the static viscosity®. The effect of a pressure is to 
increase the static viscosity and hence to lower the frequency 
spectrum, raise the relaxation time spectrum—and cause 
the liquid to predominate in its elastic effect at slower 
speeds. 


AUTHOR’s CLOSURE 

Professor Saibel’s comments are most welcome. The 
question he has raised as to the possible errors introduced 
by the assumption of a parabolic velocity profile, is an 
important one which must be answered if the calculations 
offered in the paper are to be taken as even crude indications 
of trends. 

To give an idea of the possible errors involved, take the 
case of N; = 1. Note that separation of variables permits 
the integration of Eq. [5] across the film, to yield 


dp ‘2p 
4 cant PP tills tate ane ee 
U' max — U exp |7( 3) y ie 


3 Borsorr, V. N., ““Mechanism of Gear Lubrication,’’ Trans. 
Amer. Soc. Mech. Engrs. J. Basic Engng., D, v. 81, 1959, p. 79. 

4 Mason, W. P., Physical Acoustics and the Properties of Solids, 
D. Van Nostrand, 1958, p. 112. 

5 Bartow, A. J., Lamp, J., “The Viscoelastic Properties of 
Lubricating Oils and Other Liquids at High Frequencies and 
Their Dependence on Pressure and Temperature,’ Paper 3M4, 
Third International Congress for Acoustics, Stuttgart, Germany, 
3 September, 1959; paper contributed to Rheologica Acta. 

® Tospotsky A. V., and ANnprews, R. D., J. Chem. Phys., 
v. 11, 1943, p. 125. LeapERMAN, H., Elastic and Creep Properties 
of Filamentous Materials and Other High Polymers, Textile 
Foundation, Washington, 1943, p. 30. Ferry, J. D., J. Amer. 
Chem. Soc., v. 72, p. 3746. 
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Since the relationship between total flow and slope at the 
wall was basic to setting up the integral equation of flow, 
the ratio, 


Te ‘Ou 
( J <4) Bla"? 


permits evaluating this for the given profile. 

This may be found to be almost a linear function of 
d2p/dx? over the range of variables covered by the case of 
N; = 1. A corrected pressure vs. distance relation can then 
be computed from this, letting p’ be corrected pressure, 
and let A and B be constants 


dp’ d d2p’ d 
Wg. a(t 50) 
dx? dx 
Through the use of this equation, the original computer 


results may be corrected for variation of the profile. The 
results are plotted in Fig. 9. showing that the correction 
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for profile effect is significant, and does partially cancel 
the predicted effects. Nevertheless, the main predicted 
trend remains true both as to direction and order of 
magnitude. 

As to the comment on doing this type of work on a com- 
puter, computers are not an unmixed blessing. In view of 
the time required for calculation, the writer feels that only 
through a blend of analytical and computer work can we 
get real insights into the complicated “real’’ problem. 

As to Mr. Klint’s comments on the positive sign on the 
terms shown, the question does not exist. There is no 
statement or implication which would keep the quantity 
Umax from having either positive or negative values. 
Consequently, there is no difficulty in handling this by 


the conventional rules of algebra. Referring to Eq. [10], 
the changes of profile are accounted for by whether or not 
Q is greater or smaller in magnitude than Uh. The suggest- 
ion regarding subscript notation has been incorporated. 
The omission of an exponent in transcribing the equations 
has been corrected. 

Dr. Mason has brought our attention back to the problem 
of the real fluid and its relationship to the Maxwell fluid, 
which was used for these deviations. Essentially, what has 
been done in this paper is to take some account of the 
ability of a fluid to store strain energy in shear. As to the 
variation of this ability with temperature, pressure, etc., and 
how it affects the whole problem, we can only say that this 
is an important subject for further investigation, all the 
more so in view of the expected increase of relaxation time 
with pressure. 

As to the reference to gear test results, our feeling is that 
in its state of development at the time of the paper cited, 
a gear test could not be used to discriminate critically the 
visco-elastic effects from other simultaneous fluid effects. 
Rather it appears to us that Borsoff offered the visco-elastic 
effect as a promising, but unsubstantiated, hypothesis with 
which to explain his results. 
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Fic. 10. Effect of velocity profile variation on pressure distribution 


Dr. Smith has introduced a fresh point of view. The 
question as to how shear elasticity varies with total strain 
energy must ultimately be answered experimentally. While 
I do not in any way wish to detract from the importance of 
the question he has raised, I would like to offer two points 
which may suggest that the fluid is not stressed to the 
limits of its ability to store energy in many cases: 

(1) In actual gear and bearing operation at moderate 
temperatures, lubricants can be used for long periods of 
time without excessive breakdown. This would not be the 
case if the strain energy regularly exceeded that which 
leads to rupture. 








10 





(2) It is not dissipation rate but maximum shear stress 
which determines the distortion of the molecules. As to 
shear rate (dissipation effect), this will cause molecular 
changes only if it gives rise to high temperatures and ther- 
mal decomposition. 

Furthermore, considering only the strain energy com- 
ponent stored in the molecules momentarily (and determ- 
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ined by shear stress and the time constants of the process), 
it is not clear as to how much effect overall pressurization 
has upon the storage capability of the molecules. It is 
entirely possible that the molecules under pressure will 
have more energy storage capability than will a molecule 
of rubber in a typical rupture test. Experimental studies 
in this direction would be more than welcome. 
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A Brief Examination of Factors Affecting Tractive Friction Coefficients of 
Spheres Rolling on Flat Plates 


By W. S. ROUVEROL! and R. I. TANNER? 


The use of steel ball-bearing balls in a new variable speed friction drive has given impetus 

to the study of factors governing their tractive capacity. The coefficient of tractive friction, 

defined as the ratio of tractive force to normal force at a specified slip rate, was observed 

to depend on lubricant properties and ball diameter, but to be relatively independent of normal 

load and rolling velocity. Coefficients of 0.08 were found to be attainable using conventional 
lubricants. 


THE noting of a curious kinematic fact, that a sphere which 
rolls without sliding between two opposed non-coaxial 
rotating disks describes a perfect circle, has led to the 
development of a new type of variable speed transmission 
(1). As shown in Figs. 1 and 2, a large number of ordinary 
ball-bearing balls are mounted in rotatable cages and pressed 
between hardened-steel disks. A wide range of speed ratios, 
including reverse and neutral, are obtainable simply by 
altering the ratio of the distances between the cage axis 
and the axes of the driving and driven disks. 

Although several commercial and experimental models 
are already in operation, design work has been slowed by 
lack of basic research information on tractive friction. 
In order to obtain sufficient data to predict performance 
and capacity, a simple type of tractive friction testing 
device has been constructed at the University of California 
at Berkeley. It has been used to investigate the influence 
exercised by slip-rate, rolling velocity, normal load, ball 
diameter and lubricant properties, on the tractive friction 
coefficient. 

The motion of the balls in the actual transmission is 
rather complex, except in the case of the ball in the center 
of the cage, which spins in place at constant angular velocity 
so long as the disk velocities are constant. All other balls, 
however, have a combined spin and orbital motion. This 
orbital motion is uniform, at the average angular velocity 
of the disks, and produces centrifugal forces between the 
balls and their cage seats. This is essentially an idling 
motion, necessary if the balls are not to slip on either 
disk, but it is not directly related to the transmitting of 
torque. 

The spinning motion of the outlying balls, upon which 
the transmission of power does depend, varies in direction 





Contributed by the ASLE Technical Committee on Bearings 
and Bearing Lubrication Contact and presented at the Annual 
Meeting of the American Society of Lubrication Engineers held 
in Buffalo, New York, April 1959. : 

1 Associate Professor of Mechanical Engineering, University of 
California, Berkeley 4, California. 

2 Lecturer in Mechanical Engineering, Manchester University, 
Manchester, England. 
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Fic. 1. Arrangement of the balls, cages and disks of a multiple- 

cage, variable speed transmission. (Rotatable support for the disks 

and cages, and hydrostatic thrust bearings exerting equal normal 
load on all balls, are not shown.) 
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as well as magnitude, so that both gyroscopic and acceler- 
ation reactions are induced at the points where the balls 
bear against the disk. These reactions, which increase as 
the square of the angular velocity, reduce the effective 
tractive force available for transmitting torque. The 
resulting loss in capacity can, however, be made relatively 
insignificant by the use of very small balls, and for this 
reason the present investigation was confined to balls of 
from } to in. diameter. Tests on a single central ball in 
this size range have considerable relavance for a multiple- 
ball construction, as well as being much more readily 
controlled and interpreted. 
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Fic. 2. Interior of a 35 h.p. single-cage, experimental automobile 
transmission. 


Apparatus and instrumentation 


The test equipment devised to study the traction of a 
single ball is shown in Figs. 3, 4 and 5. A single ball housed 
in a stationary cylindrical bushing is pressed between two 
disks at some fixed distance from their common axis. 
Rotation of one disk causes the ball to spin in place and to 
rotate the other disk in the opposite direction. For most of 
the results, the direct-current motor shown at the right 
in Fig. 4 was used as a dynamometer-motor, and that at 
the left as a dynamometer-brake, with the generated current 
dissipated in the variable resistor in the foreground. Fig. 
3 is a detailed view showing how the normal load is applied 
to the ball. An air cylinder, operating through two-to-one 
lever arms, presses two rollers (shown by broken lines) 
against the backs of the disks, thus loading the ball. To 
avoid side loading the position of the lever assembly can 
be adjusted so that the centers of the rollers and the test 
ball are in line. One shaft is free to slide, which ensures 
that all the load is taken by the ball itself. 

Only the actual surfaces over which the test ball runs 
are hard. These surfaces can be removed for resurfacing 
or examination by simply removing the retaining rings. 
A flexible coupling, shown on the left in Fig. 4, allows 
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Fic. 3. Sectional elevation of device for testing traction between 
rotating disks and a spinning ball. 


Fic. 4. Arrangement of experimental apparatus. 


the brake to be disengaged when measuring the internal 
friction of the apparatus itself. 

The ball is constrained by the cage shown in Fig. 5. 
Adjustments of rolling radius are made by sliding the cage 
in the holder. It was found more satisfactory to accommodate 
changes of ball diameter by pressing hard steel bushings 
of various sizes into the cage, than to use the holes shown 
in Fig. 5. The oil-supply pipe sprays directly on to the ball, 





Fic. 5. Adjustable housing for testing of various size balls, showing 
oil-supply tube. 


ensuring adequate cage lubrication. Two lubricating 
systems, shown in Fig. 6, were required. One was a contin- 
uous pump circuit suitable for long runs with thin oils. 
The pressurized tank was used for short (10 min) runs 
with thick oils. 

Fig. 6 also shows the gauge and air pressure regulator 
which were used to read and set the normal load. The 
gauge reading was calibrated against a spring balance, so 
as to eliminate errors due to leakage, friction and gauge 
calibration. A microswitch, operated by the motor shaft, 
triggers the stroboscope which illuminates the brake shaft 
coupling. The slipping motion can be clearly seen and the 
timer in the foreground enables the slip revolutions per 
minute to be determined. With this arrangement accuracy 
of absolute speed measurement of the motor was not 
critical, and an ordinary hand tachometer could be used. 
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Fic. 6. Diagram of experimental apparatus, showing air and oil 
lines. 
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Test procedure 


In order to determine what sort of data would have 
greatest relevance for the design of tractive friction power 
transmissions, it was necessary first to make a number of 
preliminary runs under widely varying conditions. These 
included destructive tests with scoring of balls and disks. 
It was found that test results were independent of the loca- 
tion of the ball relative to the disk axes, so that after a test 
which produced scoring a new track could be obtained by 
putting the ball at a different radial offset. As only a limited 
number of destructive tests were carried out, only one 
regrinding of the disks was necessary. In the non-destructive 
tests tracks of minute depth were also observable, but were 
due to localized plastic flow whereby the minute asperities 
left by surface grinding were rolled down to form a work- 
hardened case. No metal was removed, and measurements 
of the tractive force made at various intervals in a run of 
half a million revolutions showed that the tractive friction 
coefficient was not significantly affected by the formation of 
this work-hardened track. 

In conjunction with these varied preliminary tests, it was 
also necessary to consider what variables would be most 
meaningful in tractive tests. This required the development 
of several basic definitions and the formulation of a tentative 
theory to account for phenomena observed in the prelim- 
inary runs. The definitions established were those upon 
which satisfactory interpretation of test results appeared 
to depend. These are outlined below. 


1. Coefficient of Tractive Friction 


This is simply F/W, the ratio of tractive force to normal 
force. As in most frictional phenomena it proved to be 
independent of both normal load and rolling velocity, but 
not of slip velocity. In this experiment rolling velocity is 
simply the surface velocity of the driving disk at its point 
of contact with the ball. 


2. Normal Load. 


This is W/d?, the quotient of normal force and the square 
of ball diameter. The Hertz equation for the maximum 
normal pressure, o, between a sphere and a plane (2) may 


be rearranged into the form W/d? = 4.2703/E?, from which 
it is evident that for a given material the induced stress 
(and presumably also the maximum oil film pressure at 
the contact point) depends only on the ratio W/d?. Based 
on the endurance strength of available materials, the 
practical working range of W/d? values for tractive power 
transmission at present appears to be from 100 to 200. 
This gives maximum normal stresses in the Hertzian zone 
of 275,000 to 350,000 psi; for use with either the maximum 
shear theory or the Hencky-Von Mises failure criterion, 
the corresponding maximum shearing stresses are from 


85,000 to 110,000 Ib/in?. 
3. Slip 


This is the differential or relative velocity between the 
ball surface and the disk surface, expressed as a percentage 
of the velocity of the disk surface. This is a critical ratio 
since no valid coefficient of tractive friction can be specified 
except in conjunction with a particular slip rate. There 
are several distinct types of slip, more than one of which 
may occur simultaneously. 

(a) Rolling Creep—This is primarily an elastic phenomenon, 
whereby a loaded cylinder or sphere rolling on a plane 
advances with each full rotation a distance less than its 
circumference. Poritsky (3) has shown analytically that the 
elastic strains in the direction of motion induced in the 
rolling body and the plane by normal loading and to a 
small extent by tractive loading are such as to produce a 
small differential motion or creep, of the order of 0.1% or 
less. This type of slip was considered to be too small to 
require taking into account in this investigation. 

(b) Stable Film Shearing—This is a mechanical shearing 
action applied to a thin film of what might conceivably be 
thought of as a very strong solid plastic material. Based 
on calculations of average normal Hertzian stress and ob- 
served values of tractive force (Figs. 8-14), the shearing 
force acting on the oil film was in the range 15,000 to 
30,000 lb/in?. For comparison, it is interesting to note that 
the shearing strength of Nylon at 170°F is 5000 to 8000 
Ib/in?. Since many tests were run in the same track, with 
slip rates in all cases carried to 3%, and no surface scoring 
was produced, the conclusion seems inescapable that an 
oil film was present and in every case was affectively 
solidified in the Hertzian zone. The ASME Pressure 
Viscosity Report (4) has shown this tendency of may 
lubricants to solidify at pressures of from 10,000 to 20,000 
atm. This may explain why ball and roller bearings seem 
to function almost equally well with a wide variety of 
lubricants. It is interesting to observe, however, that in 
common with viscous fluids, the shearing strain rate is 
proportional to stress (see Fig. 8), and there does not seem 
to be any region of purely elastic deformation at low loads. 
Whether the oil film is best described as a solid or a liquid 
is perhaps academic. The important practical consideration 
is that its resistance to shear is greater than any known 
organic solid at normal temperature and pressure. Slip 
rates characteristic of this type of film shearing range from 
about 0.1 to perhaps 5 or 10 %. 

(c) Stable Hydrodynamic Slip—This is simply the 
familiar thick film lubrication, wherein the magnitude of 
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slip is great enough to cause a relatively thick film of lubri- 
cant to be drawn into the Hertzian zone and pumped 
hydrodynamically to a pressure sufficient to support the 
normal load. The magnitude of this type of slip would 
presumably range from perhaps 5 or 10% to 100%. 

(d) Destructive Film Shearing—This is a phenomenon 
superficially similar to both of the foregoing types of slip, 
but differing in that the combination of high normal and 
tractive loads with high rates of shear causes rapid tempera- 
ture rise in the oil film, resulting in either greatly reduced 
viscosity or in extreme cases vaporization of the oil, and 
ending in both cases in metal-to-metal contact and scoring. 

(e) Scoring—This is essentially similar to scoring in an 
ordinary journal bearing. It occurs when the oil film 
becomes insufficient to prevent metallic contact, is irrevers- 
ible in the sense that the temperatures produced bring 
about a further deterioration of the oil film, and permanent 
structural damage to both balls and disks takes place. 

It is evident that in a tractive friction drive the last three 
types of slipping must be avoided. Hydrodynamic slip 
represents a loss of traction or shedding of the load, and 
the last two types of slip result in damage to the apparatus. 
Although it was found that by keeping the oil supply very 
restricted, as by wiping the disks, tractive friction coeffi- 
cients in excess of 0.2 were easily obtained, there appeared 
to be certain hazards in this mode of operation. What 
appeared to be stable film shearing with very small slip 
would suddenly change to hydrodynamic slip as a result 
of any increase tractive load or in lubricant supply. But 
because of the high tractive load associated with friction 
coefficients of 0.2 or higher, and the small amount of 
lubricant present, the temperature rise per unit volume of 
lubricant even with moderate slip rates of 2 or 3% was 
such as rapidly to break down the film and produce scoring. 

Although designs may be devised which will protect 
transmission units from either overload or excess lubri- 
cation, and thereby permit use of these exceptionally-high 
friction coefficients, it was felt that the initial experimental 
work should be directed toward the copiously-lubricated 
type of tractive contact, wherein the transition from stable 
film shearing to hydrodynamic slip was not irreversible. 
Excessive temperature rise in a thin, boundary-type film 
would be avoided, and the testing procedure would not 
be destructive to either balls or disks. It was this consider- 
ation which led to the use of the pressurized oil-supply 
system shown in Figs. 4, 5 and 6, and to focusing of the 
test program upon a range of friction coefficients which 
were about 40% of the maximum values achieved in the 
preliminary tests. 

Once the testing program was decided upon, the tech- 
nique to be employed was relatively straightforward. In 
order to determine the actual tractive force between the 
ball and the disk, a careful measurement of tare friction and 
windage was needed. The principal factors influencing the 
dynamometer readings were the losses in the journals and 
in the rollers transmitting pressure to the disks. To deter- 
mine the magnitude of these losses, a plain circular plate 
was substituted for the test ball and cage, and the brake 
was uncoupled. This permitted measurement of the torque 
absorbed by the four journals, two loading rollers, and 


windage. Half of this loss was taken as the friction correction, 
a procedure which neglected part of the windage, but even 
at the highest speeds windage was found to be quite minor. 
A friction measurement of this type was made before and 
after each test and the average of these was used in calcu- 
lating tractive force. This technique gave excellent repeat- 
ability to the tests, deviations from the mean being less than 
5%. No systematic error seemed to be present, and vari- 
ations noted are probably due to lack of control over the 
disk face temperatures, oil properties and the usual minor 
observational errors. 

In order to determine whether the friction between the 
ball and its cylindrical cage seat was sufficient to cause the 
normal and tractive loads on one side of the ball to be 
sensibly different from those on the other, the device shown 
in Fig. 7 was employed. The results obtained were also of 





Fic. 7. Pendulum device driven by a compressed-air turbine used 
to measure the coefficient of friction between a steel ball and its 
cylindrical seat. 


interest as an indication of the effect of the simple cylindrical 
cage seat, as opposed to a two-piece spherical seat, on cage 
efficiency. 

An air motor rotates the test ball at high speed. The ball 
runs in a cylindrical sleeve in the steel block shown (right). 
The variable weight of the block provides the bearing load. 
The friction force drags the block away from the vertical, 
and the tangent of the angle of tilt is proportional to the 
coefficient of friction. The change of attitude may be 
readily measured optically, and the speed, which must 
reach 50,000 rev/min, may be found by using a photo- 
electric tachometer. In preliminary tests friction coefficients 
of about 0.01 were obtained, indicating that this type of 
line contact bearing is quite efficient and that no appreciable 
effect on the test results was exerted by neglecting the fric- 
tion between the ball and its cage seat. 
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Test Results 


A number of observations may be made regarding the 
influence of the various test variables upon tractive friction 
coefficient. 


(a) Effect of Slip Rate 

Fig. 8 shows a typical slip rate curve. The lower portion 
varies linearly, which probably indicates that the oil film 
temperature increase due to work of shearing is not suffi- 
cient to cause nonlinearity. Although as noted above the 
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Fic. 8. Coefficient of tractive friction vs. slip rate for 4 in. ball. 


magnitude of shearing force is very great, the oil film is 
behaving as a viscous fluid, in which shearing force is 
directly proportional to shearing velocity. In the upper 
portion of the curve, the shearing work is evidently suffi- 
cient to cause a significant local temperature increase which 
effectively decreases the viscosity. The curve therefore 
bends off to the right and finally becomes asymptotic at 
some maximum tractive friction coefficient. The steepness 
of the linear portion and the height of the asymptote 
depend on lubricant properties, lubricant supply, and ball 
diameter, so that Fig. 8 might be considered one of a family 
of curves. 


(b) Effect of Rolling Velocity 

Some indication that the tractive friction coefficient is 
not sensitive to rolling velocity had been gained from the 
preliminary tests. Further confirmation of this observation 
was obtained in tests on balls of } to $ in. diameter, using 
penetrating oil as lubricant. Results are shown in Fig. 9. 
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Fic. 9. Effect of rolling speed on tractive friction coefficient. 
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Unfortunately the dynamic balance of the disks was not 
accurate enough to obtain reliable data for rolling speeds 
above 75 ft/sec (4500 ft/min). 


(c) Effect of Variations in Normal Load 
A rolling speed of 25 ft/sec was chosen for this set of 
tests, the lubricant again being penetrating oil. Fig. 10 
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Fic. 10. Effect of normal load on tractive friction coefficient. 


shows F/W as a function of W/d?, the stress parameter, 
for various sizes of balls. The lower end of these curves 
needs investigating with a more sensitive apparatus: it 
seems that F/W may rise somewhat as W/d? becomes very 


small, but is otherwise insensitive to variations in 
W/d?2. 


(d) Effect of Variations in Ball Diameter 

The results for various size balls are very close (Fig. 10) 
for diameters varying from } to } in. Small diameters appear 
to have some slight advantage. This is in agreement with 
Palmgren’s work (5) on balls of diameters between 4 and 
? in. He found that the tractive friction coefficients varied 
very little from 0.08 with diameters in this range. His test 
consisted in displacing the ball perpendicularly to the 
rolling direction and so was slightly different from the 
arrangement used here. 


(e) Effect of Lubricant Properties and Supply Volume 


A 7¥¢ in. diameter ball under a 15 lb normal load rolling 
at 25 ft/sec, representing typical transmission design values, 
was used for the tests on lubricants 1, 3 and 5 in Table 1. 
With the other lubricants, a } in. ball had to be used to 
allow room for a larger oil supply line. This ball was run 
at 25 ft/sec with a normal load of 22.1 lb. In both cases the 
flow in the supply line was assumed to be laminar and 
approximately proportional to p/v. Results are plotted in 
Figs. 11 and 12. Fig. 13 shows the effect of drastically 
reducing the lubricant flow, taken from results for a } in. 
ball. The oils used are summarized in Table 1, with kine- 
matic viscosities as obtained from a Zeitfuchs capillary 
viscometer. 

SAE 20 oil seemed to give a slightly higher traction 
coefficient than the others, and so it was chosen for the 
next series of tests, which were designed to throw some 
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light on the effects of additives. The additives tried, listed 
in Table 2, included two sulphurizers and two fatty acids. 
Fig. 14 shows the results obtained. It is evident that a more 
sensitive apparatus is needed to discriminate between the 
relatively minor influence of additives on tractive friction 
coefficients. 


TABLE 1. 


Lubricants and Viscosities 

















| Kinematic 
No. Lubricant | viscosity, v 
| at 25°C(cS) 
| 
1 | Kerosene+trace of SAE 20 2.08 
2 | Penetrating oil (fresh) 25.2 
3 | Penetrating oil (after use) 73.2 
4 | Engine oil, SAE 10 62.5 
5 | Engine oil, SAE 20 248 
6 | Silicone 95.5 
7 | Petroleum base oil (750 SSU ac 100F) | 91.0 
8 | Polybutylene (515 SSU at 100F) 304 
9 | Chlorinated biphenyl ‘‘A”’ (200 SSU at 100F) 142 
10 | Chlorinated biphenyl “‘B’’ (2000 SSU at 100F) 3660 
11 | Gear oil (SAE 90-140, no EP additive) 1026 
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Fic. 11. Tractive friction coefficients for various light lubricants, 
with increasing supply pressure. 
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Fic. 12. Tractive friction coefficients for various medium and 
heavy lubricants, with increasing supply pressure. 



































Fea, 3% sue, 
ROLLING SPEED 25 FPS 


g 





TABLE 2. 
Additives 
Additive | % added by volume Type 
Pelargonic acid 5 | Fatty acid 
Ricinoleic acid 5 | Fatty acid 
Ammonium polysulphide | 5 Sulphurizer 
Dibenzoyl disulphide | 2 | Sulphurizer 
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Fic. 13. Effect of restricted oil supply on tractive friction co- 
efficients for various normal loads. 
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Fic. 14. Effect of various extreme pressure additives on tractive 
friction coefficients. 


Conclusions 


So little research has been done on the problem of traction 
between lubricated surfaces that the results of this study 
must be considered tentative and exploratory, both as to 
techniques of testing and to results. Subject to this reserv- 
ation, the following observations may be made: 

(1) Slip rates can be limited to 0.1 to 0.3% if the normal 
load applied is from twelve to fifteen times the tractive load. 

(2) Small balls, of diameters in the vicinity of } in., have 
slightly higher coefficients of tractive friction than larger 
balls, of 4 in. diameter or greater. 

(3) In the range of normal loads employed, the coefficient 
of tractive friction is not sensibly affected by rolling 
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velocity up to at least 6000 ft/min. Whether higher velo- 
cities will cause a reduction was not determined. 

(4) As with many other friction phenomena, tractive 
force was found to be directly proportional to the normal 
load throughout the entire range of the tests. The “coeffi- 
cient of tractive friction” is thus independent of normal load. 

(5) This type of traction appears to be adversely affected 
by a copious supply of a high-viscosity lubricant, such as 
a gear oil, unless the lubricant also has a high pressure— 
viscosity index (Chlorinated biphenyl, polybutylene). 
Otherwise, an ordinary engine oil such as SAE 20 appears 
to be as satisfactory as any of the lubricants tested, and the 
use of extreme pressure additives appears to effect only 
a small reduction in tractive capacity. 

(6) Considerable further testing should be done, particu- 
larly to extend the study to higher speeds and smaller balls, 


and preferably with more sensitive apparatus. Whether any 
other lubricants will be found to have characteristics 
superior to the lubricants tested remains to be seen, but 
“tailor-made” natural or synthetic lubricants might effect 
limited improvements. 
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Lubricant Behavior in Concentrated Contact—Some Rheological Problems 


By F. W. SMITH! 


Several problems are reviewed concerning the flow behavior of lubricants under the high 
pressures and shear stresses which occur in the contact zones of ball bearings and gears. 
A description is given of experiments on this topic with a machine involving contact between 
cylindrical and spherical rollers. An ester-based lubricant under a mean Hertz pressure of 
102,900 b/in? (7.1 x 10° dyn/cm?) is shown to behave under shear stresses below 108 dyn/cm? 
as a liquid of great viscosity giving a film thickness proportional to rolling speed. At high 
rates of shear the ester behaves as a plastic solid. A silicone fluid shows no such viscous 
behavior and is presumed to lose viscosity or to undergo plastic shear under much lower 
shear stresses than the ester. Such rheological differences affect the load-carrying capacity 
of lubricants by determining both their film thickness and perhaps also their response to 
extreme-pressure additives. 


Introduction 


“CONCENTRATED contact bearings” comprise the heavily 
loaded contact zones of machine components such as ball 
bearings and gear sets. The word “rheology” is used here 
to indicate the laws which govern the flow and deformation 
of lubricants in these contact zones. 

The concern is primarily with the functional form of 
these laws rather than with their numerical coefficients, 
since knowledge of the flow of lubricants in highly stressed 
machine elements is such that even qualitative descriptions 
may be useful. For example, a frequent problem is to what 
extent the friction, wear, and contact fatigue properties of 
a lubricant in a given application are due to chemical or 
surface chemical effects, and to what extent they are due 
to physical effects such as changes in viscosity with pressure. 
Another example is the fact that the various mathematical 
treatments that are available for predicting lubricant 
behavior make important and conflicting assumptions about 
the rheology of the lubricant. In both cases, more experi- 
mental evidence is necessary. 

Part of the complexity of the subject is due to two 
influences on the flow of lubricant in the contact zones 
which are seldom encountered in other rheological prob- 
lems. Firstly, energy may be dissipated in the lubricant so 
rapidly that the resulting temperature rise may influence 
the flow properties. Secondly, the flow of unusually thin 
layers is involved, since the lubricant may often be reduced 
to the thickness of a complete or incomplete molecular 
film. 

Some of the more important rheological effects which 
may occur are enumerated below. The same system may 
demonstrate any or all of these effects under different 
conditions of speed, load, and temperature, and several 
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types of behavior may occur simultaneously in different 
regions of the contact zone. A diagram of a section through 
a typical contact zone, representing either rolling or sliding, 
is shown in Fig. 1, based on the “elasto-hydrodynamic” 
theory of Poritsky (1). 


Fic. 1. Typical contact zone. Above, dry. Below, lubricated. 
(a) Preceding region; turbulence and “‘churning’’. 
(b) Converging, ‘“‘medium-pressure’’ region. 
(c) Nearly parallel, “high-pressure’’ region. 
(d) Diverging region, where surfaces approach most closely, 
and may touch. 
(e) Following region, with cavitation. 


(1) The assumption of “normal” liquid behavior, where 
the viscosity is uniform throughout the system, has been 
used many times in calculating film thickness and other 
properties in concentrated contact, in some cases with 
consideration of elastic deformation of the metal surfaces 
(2-5). While it is likely that most lubricants behave in a 
more complicated fashion under contact zone conditions, 
normal flow presumably determines much of the energy 
loss at high speeds due to turbulence and “churning” 
in the region a in Fig. 1. 
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(2) The increase of viscosity with pressure has been 
widely studied as an important factor in concentrated 
contact lubrication (2, 3, 6-17). The consequences of the 
volume decrease of the fluid under extreme pressure have 
also been considered (10). The experiments of El-Sisi and 
Shawki on the behavior of a fluid film between rollers have 
shown that some of these theories give poor agreement with 
practice. Their work also shows that high precision can be 
achieved in concentrated contact experiments (18). 

(3) Theoretical treatments have been given for the 
behavior in rolling contact of materials which do not flow 
until a certain yield stress is reached, both for an “‘ideal 
plastic” (19) (Fig. 2a), which cannot sustain a shear stress 
greater than the yield stress, and also for a “Bingham 
plastic” (20) (Fig. 2b), which flows in a viscous manner 
under shear stresses greater than the yield stress. Essentially 
plastic behavior has been reported in experiments on 
lubricants sheared between anvils under high pressure (21, 
22). 

(4) The shear stresses in highly stressed contact zones 
(108 to 10° dyn/cm?) are so much higher than those used in 
viscosimetry that radical differences in flow behavior may 
be expected. An important phenomenon is that there is a 
limit to the shear stress that a fluid can transmit, even when 
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Fic. 2. Shear stress t as a function of rate of shear R 
(a) Ideal plastic. 
(b) Bingham plastic. 
(c) Lubricant under extreme stress and pressure (p2> 1). 
tz is the “limiting shear stress’’. 
(d) Viscous fluid showing “temporary viscosity loss’’. 


under pressure great enough to prevent tensile failure (11). 
At this “limiting shear stress’ the material is assumed to 
deform plastically, so that an increase in rate of shear 
produces no increase in shearing stress (Fig. 2c). This is 
analogous to the behavior of those solids which cannot 
transmit a shear stress greater than that which causes 
plastic flow. This behavior may perhaps also be considered 


to be an extreme form of the “temporary viscosity loss” 
(Fig. 2d) familiar in the study of polymer solutions. 
Evidence for this hypothesis comes from experiments 
suggesting that lubricants under high pressure and high 
rates of shear behave essentially as plastic solids, in sliding 
contact (22), in rolling contact (23) and perhaps also in 
high pressure viscosimetry (24). 

(5) Maintaining local temperatures low enough to prevent 
seizure of the tooth surfaces is an important function of 
gear lubricants. In addition, the temperature distribution 
in the oil film has an important effect on friction and film 
thickness. A number of studies have connected local 
temperatures in the fluid and at the metal surface to the 
coefficient of friction and to the flow properties of the 
lubricant (10, 11, 23, 25-30). Experimental studies of the 
theories of Grubin (10) and Petrusevich (11) have been 
made by Kuz’min (27) and MacConochie and Cameron (31). 

(6) The lubrication of ball bearings and gears is a transi- 
ent process in which the lubricant may reside in the contact 
zone for times as short as 10-6 sec. This has led to studies 
of the transient aspects of gear lubrication (32), and to 
experiments on the behavior of fluid films in impact (33, 
54). Visco-elastic effects, in which the fluid acquires 
potential energy of shear deformation to an extent deter- 
mined by molecular structure, have been proposed as 
important factors in gear lubrication (34, 55). A theory of 
visco-elastic effects in concentrated contact has been given 
by Milne, showing that a Maxwell liquid will form a thinner 
film than a Newtonian one of the same viscosity (35). 

(7) Surface roughness may affect lubrication in two 
ways: it may decrease film thickness by allowing leakage, or 
it may increase film thickness by a hydrodynamic mech- 
anism. As an example of the latter effect, parallel sliding or 
rolling clearances supplied with an incompressible viscous 
lubricant under pressure may be considered, the surfaces 
being smooth in one case and covered with symmetrical 
projections in the other (Fig. 3). Between the smooth sur- 
faces, the fluid pressure is uniform. Between the rough 
surfaces, a pattern of maxima and minima of pressure 
develops (36). When the viscosity of the oil is uniform, these 
extrema are equally displaced from the inlet pressure. The 
locations of these extrema depend upon the geometry of 
the system, and their magnitude upon the local oil viscosity, 
so that if the viscosity of the oil increases with pressure, 
the mean pressure is greater than with smooth surfaces (37). 
The “nearly parallel” region c of Fig. 1 resembles this 
example in being supplied with oil under pressure, suggest- 
ing that, in general, an interaction of surface roughness 
with oil rheology might be a factor in concentrated contact 
lubrication. 

(8) There are two rheologically distinct types of mole- 
cular film encountered in lubrication. Boundary films such 
as those formed by long-chain fatty acids were the first to 
be described (38). The number of molecules per unit area 
of the film is independent of the sliding or rolling velocity, 
so that the lubricant in the contact zone can be considered 
to be in chemical equilibrium with the lubricant outside 
the contact zone (39). The properties of these films have 
been studied under conditions of low speed (40) and of 
known contact area (41). Equilibrium films of much greater 
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Fic. 3. Pressure distribution in liquid under pressure between 
sliding or rolling surfaces with symmetrical projections. po = inlet 
pressure; Pm = mean pressure, 

(a) Viscosity independent of pressure. 
(b) Viscosity increases with pressure. 


thickness, owing their existence to long range intermolecular 
effects, have also been postulated (42, 43). 

(9) The existence of the second type of molecular film 
was demonstrated by Kingsbury for lubrication by hydro- 
carbons (44). The film consists of molecules trapped in the 
contact zone in such a way that their number per unit 
area decreases with decreasing sliding speed. The lubricant 
may be said not to be in chemical equilibrium in the 
contact zone. Films of this type could be formed by a 
wider class of lubricants than the boundary films described 
in the preceding paragraph. 

(10) In “extreme pressure” and “thin film” lubrication, 
both the chemical and the hydrodynamic properties of the 
oil are important (45-49). In “extreme pressure” lubrication, 
an additive dissolved in the lubricant in the region c¢ of 
Fig. 1 reacts with the metal surface, to an extent dependent 
on the local temperature, to form a surface film in the region 
d. Some kinetic and rheological studies of this process have 
been reported (50, 51). Two problems outstanding seem 
to be the flow properties of the extreme pressure film, and 
the nature of the boundary between a viscous region and 
an extreme pressure film. 


Experimental method 


The device used in these experiments is shown diagram- 
matically in Fig. 4 and photographically in Fig. 5. It in- 
volves a study of the contact zone between a cylindrical 
and a spherical roller, each of 1 in. radius. The lower 
(cylindrical) roller is driven by a motor at a surface speed U 
of up to 1024 cm/sec and the upper (spherical) roller is 
free to rotate in ball bearings. The upper roller may be 
skewed relative to the lower roller at a known angle «; 
the values of sin « ranged from } to 1/1024. The rolling 
motion is thus combined with a degree of sliding motion 
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Fic. 4. Diagram of rolling-contact machine. 





Fic. 5. Photograph of rolling-contact machine. 


in a direction approximately normal to the direction of 
rolling. This arrangement may be compared with the 
roller experiments of El-Sisi and Shawki (18), and of 
Dunk and Hall (52) where the component of sliding was 
in the same direction as the rolling. 

If the x- and y-axes are taken to lie, respectively, along 
the direction of rolling and along the axis of rolling of the 
spherical roller, the component of sliding velocity in the 
y-direction is U sin «. There is also a component of sliding 
motion in the x-direction, which could in principle be 
measured by comparing the rolling velocities of the two 
rollers. In the present case, the component of x-direction 
sliding is not measured, but this omission is taken into 
account in interpreting the results. 

The housing of the upper roller supports a deadweight 
load W; and is constrained by a dynamometer for measuring 
the components of force Wz and Wy which are transmitted 
between the rollers in the x- and y-directions, respectively. 

W, is the force which opposes rolling. It originates both 
in ‘“‘churning’’ losses in the contact zone and also in the 
friction of the bearings supporting the upper roller. W,/Wz 
will be termed f;, the coefficient of rolling friction of the 
system. 

W, is the force opposing the axial component of sliding 
motion. W,/W, will be termed f,, the coefficient of sliding 
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friction of the system. The component of mean shearing 
stress in the y direction, ry, is also of interest, and is given 
by 


ty = W,/a [1] 


where a is the calculated (Hertz) area of the contact zone. 

Wz had the single value of 15.6 kg (34.9 lb) in these 
experiments, giving major and minor diameters of the 
contact zone of 0.0659 cm and 0.0416 cm, respectively, so 
that the area a was 2.154 x 10-8 cm?. The mean and maxi- 
mum Hertz stresses were 102,900 Ib/in? (7.1 x 109 dyn/cm?) 
and 154,500 Ib/in? (1.07 x 101° dyn/cm?2, respectively). 

The rollers were made of 52100 steel hardened to 
Rockwell C63 (V.H.N. 846 kg/mm?). 

In some of the experiments both rollers were polished 
to a surface finish of 3 yin. (0.08 ~) center line average, 
and in other experiments the lower roller was roughened 
with No. 1 emery polishing paper to 24 yu in. (0.61 ») C.L.A. 

The oil studied in most detail was the ester-based gas 
turbine lubricant to British specification D.E.R.D. 2487, 
whose viscosity at 25 C and 60 C was 55 cP and 16.5 cP, 
respectively. Some work was also done with a dimethyl 
silicone fluid whose viscosity at 25 C was 1010 cP. (The 
pressure dependence of the viscosity of this fluid is reported 
in (16)). 

In the experiments the oil was contained in an oil bath 
into which the lower roller dipped. Some experiments 
were made at room temperature, approximately 25 C, and 
others at a temperature of approximately 60 C, maintained 
by circulating hot oil into the oil bath. This temperature 
was variable and was not uniform in the region of the rollers, 
since the intention of the experiment was to establish the 
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direction of changes of friction with temperature rather 
than accurately to measure temperature coefficients. 














Experimental results 


In Fig. 6 are shown values of the coefficient of sliding 
friction f, and the mean shear stress ry plotted against 
rolling speed U for a number of values of sin « at 25 C. 

In Fig. 7 similar data are shown for the higher tempera- 
ture of approximately 60 C. 

In Fig. 8 similar data are shown for the silicone fluid at 
25 C. 

In Fig. 9 are shown values for the coefficient of rolling 
friction fy. These values were approximately independent 
of the angle of skewing and of the roughness of the surfaces. 
They were less precise than the measurements of f, and 
no allowance was made for the component of f, contributed 
by the friction of the bearings of the upper roller. 




































































Interpretation 


In the ideal rheological experiment one would measure 
the force which is required to shear a uniform material 
between parallel plates of known separation at a known 
speed. In the present experiment the “plates” consist of 
curved, elastically-deformed rollers, so that although the 
speed and force are known, the dimensions of the film are 
not. Its thickness is uncertain and varies over the area of 
the zone, in some cases decreasing to zero. The lubricant 
is not in a uniform state since the pressure, which greatly 
influences the flow properties, decreases from a high value 
near the center of the zone to zero at the periphery. The 
design of the experiment therefore restricts the scope 
of the rheological deductions which can be made from 
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ROLLING SPEEO vu, cm/s 


Fic. 6. Coefficient of sliding friction fz and mean shear stress Ty as function of rolling speed U 
for various angles of skewing sin «. Lubricant, D.E.R.D. 2487 at 25 C (viscosity 55 cP). Solid 
lines, smooth surfaces. Broken lines, rough surfaces. 
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Fic. 7. Coefficient of sliding friction fs and mean shear stress Ty as function of rolling speed U 
for various angles of skewing sin «. Lubricant, D.E.R.D. 2487 at approximately 60 C (viscosity 
16.5 cP). Solid lines, smooth surfaces. Broken lines, rough surfaces. 


the measurements, although the application of such 
results as are obtained is facilitated because similar physical 
conditions occur in contact zones in machines in practice. 

First are considered the measurements made in most 
detail—those for the ester lubricant, D.E.R.D. 2487 
between polished rollers at room temperature (Fig. 6). 
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Fic. 8. Coefficient of sliding friction fs as function of rolling 

speed U for various angles of skewing sin «. Lubricant, dimethyl 

silicone fluid at 25 C (viscosity 1010 cP). Solid lines, smooth 
surfaces. Broken lines, rough surfaces. 


At low values of rolling speed U the friction is high, de- 
creasing to constant values at higher speeds, where a 
fairly complete hydrodynamic film may be anticipated. 

As an approach to studying the rheology of this film, 
the relation between the mean shearing stress 7, and the 
axial sliding motion U sin « may be studied for a high 
value of the rolling speed U. This relation is shown in 
Fig. 10 for a value of U of 256 cm/sec. 

The shearing stress ry is seen to vary linearly with 
sliding velocity near the origin, and to increase much less 
rapidly at greater speeds. If the experiment were an ideal 
one, the behavior could be said to approximate that of 
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. Coefficient of rolling friction fr as function of rolling 
‘ speed U. 
D.E.R.D. 2487, 25.C, viscosity 55 cP. 
D.E.R.D. 2487, approximately 60 C, viscosity 16.5 cP. 
Dimethyl silicone at 25 C, viscosity 1010 cP. 
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Fic. 10. Coefficient of sliding friction fs and mean shear stress ty as function of sliding speed 
U sin a, for constant rolling speed U = 256 cm/sec. 
© D.E.R.D. 2487 at 25 C (viscosity, 55 cP). 
©) D.E.R.D. 2487 at approximately 60 C (viscosity, 16.5 cP). 
A Dimethyl silicone 25C (viscosity 1010c P). 


Fig. 2 (c), with a transition, with increasing rate of shear, 
from Newtonian to plastic behavior. The behavior of the 
actual fluid can therefore be described mathematically, if 
not physically, in terms of an “effective viscosity” p at 
low shear stresses and by a “limiting shear stress” rz, at 
high rates of shear. It follows that in the Newtonian region 
an “effective film thickness” 4 can be defined, given by 


pUsina 


h [2] 


Ty 
In Fig. 6, at U = 256 cm/sec, ry remains constant as U 
increases at a constant value of sin «. It therefore follows 
from Eq. [2] that 


hoc U (y= constant) [3] 


from which it follows that in the rolling process the effective 
film thickness increases linearly with rolling speed. 
Similar behavior has been found theoretically. The 
minimum film thickness is proportional to rolling velocity 
in concentrated contact situations for a Newtonian lubricant 
whose viscosity increases with pressure and where the 
rollers are not elastically deformed (9). As elastic deform- 
ation increases, minimum film thickness tends to increase 
less rapidly with velocity than is indicated by Eq. [3] (13). 
A very approximate value for this “effective viscosity” 
may be estimated by considering the results for the rough 
surface shown dotted in Fig. 6. These surfaces appear to 
become “oil borne” at a higher rolling speed than when 
both surfaces are smooth. At a rolling speed of 256 cm/sec 
the frictional behavior of the two cases becomes similar. 
If the very approximate assumption is made that at this 


speed the film thickness is equal to the C.L.A. surface 
roughness of the rough surface (0.69 ) then from Eq. [2] 
the value of the effective viscosity is 5000 P. It is unlikely 
that this calculation yields more than the rough order of 
magnitude of the viscosity near the center of the zone. 
The limiting shear stress is approximately 2.15 x 108 
dyn/cm? (3100 Ib/in?). 

The fact that in this experiment the component of sliding 
velocity in the x-direction (Fig. 4) is unmeasured does not 
affect the numerical value of the “effective viscosity” but 
tends to give too low a value for the limiting shear stress 
at low values of sin «. 

Similar data are shown in Figs. 5, 8 and 9 for the same 
oil at a higher temperature. The “effective viscosity”’, 
“effective film thickness” and “limiting shear stress” are 
all considerably reduced below their room temperature 
values. It is interesting that over much of the range of 
speed the coefficient of sliding friction for polished surfaces 
is reduced to very low values, e.g. 0.006 for a ratio of 
sliding speed to combined rolling speed of 0.031. 

The data for the dimethyl silicone fluid shown in Fig. 8 
seem to represent an entirely different type of behavior. 
There is no indication that a complete viscous film is formed. 
The decrease in f, with decrease in sin « may perhaps be 
ascribed to the elastic “creep” effect (53). 

Although the data do not exclude the possibility of a 
thick plastic film, the simplest explanation would be that 
due either to a low “limiting shear stress” or to a great 
“temporary viscosity loss’, the viscosity in region } of 
Fig. 1 is so low that the film thickness in the high-pressure 
region ¢ is negligible. The hydrodynamic contribution to 
carrying the load is small and comes from the relatively 
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thick, low-pressure film in regions a and b of Fig. 1. At 
high speeds, f, increases, which might be explained by 
centrifugal loss of fluid from these regions. 

This tentative interpretation of the behavior of the 
silicone fluid suggests a more general hypothesis to explain 
the differing responses of various fluids to the addition of 
“extreme pressure additives” in solution. These additives 
react chemically with the surface in regions c and d of Fig. 1. 
The extent of such a reaction will depend both upon the 
reactivity of the additive and on the rate at which it enters 
region c and d; this rate in turn depends on the film 
thickness in c. It follows that if the oil has too low a pressure 
viscosity index, or if it suffers viscosity loss in region 5, 
the film thickness in ¢ may be too small to contain enough 
additive (regardless of its intrinsic reactivity) to form a 
protective film. 

The data for the coefficient of rolling friction in Fig. 9 
are not precise enough to justify analysis, beyond remarking 
that the decrease in f, for the silicone fluid at high speeds 
might be explained by centrifugal loss of fluid from the 
region a of Fig. 1 in accordance with the interpretation 
given above for the increase in f; at high rolling speeds. 
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The Friction and Contact Resistance of Metals and Alloys 


in a Reciprocating Sliding 


By YASUKATSU TAMAI! 


The nature and the behavior of various metals and alloys in reciprocating sliding have been 

studied by measuring the coefficient of friction and the electrical contact resistance simul- 

taneously. Examinations of microhardness and scar appearance were also made. In 

reciprocating sliding there was no apparent correlation between contact resistance and 

friction. The role and the importance of surface oxide were emphasized by comparison of 

the frictional behavior of aged surface with that of fresh one. A dissimilar friction couple 
was studied to show a quite different nature from the similar couples. 


Nomenclature 


the coefficient of friction. 

electrical contact resistance (Q). 

number of successive measurements. 

microhardness (kg/mm?). 

median of fs of the first group of measurements 

from m = ltom = 5. 

median of fs of the last group of five members of 
____ the measurements 

average value of Afs over all the groups; Af, Range 

of fs of a group (the same symbols as for f are 

used for R). 


Introduction 


THE importance of surface oxide in metallic friction has 
been emphasized by many workers. However, most funda- 
mental investigations were carried out under the condition 
of unidirectional traverse, and few were conducted in 
reciprocating sliding which is a severe condition for the 
breakdown of surface oxide. This study was planned to 
get further information on the frictional behavior of surface 
oxide under the reciprocating condition with various metals 
and alloys. 

It has been found that electrical contact resistance varies 
very sharply according to the change of the state of surface 
oxide when friction does not always show any marked 
corresponding change (1). For this reason the measurement 
of contact resistance is very valuable, and in the present 
study the simultaneous measurements of friction and con- 
tact resistance were made. 


Friction measurement with a pendulum 

In general, the use of friction pendulum is unfavorable 
because the sliding speed varies with its amplitude. How- 
ever, in the case that speed is not of primary importance, 
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the pendulum is available with the advantage of its simpli- 
city in measuring friction. 

A pendulum of the following features was used (2). The 
friction parts consisted of one rotating journal of the 
pendulum and four bearing cylinders, which were arranged 
in the form of crossed-cylinders. A sketch indicating the 
mode of support is given in Fig. 1. The journal was a 


Fic. 1. Sketch of friction arrangement. 


rod of 2mm diameter and the bearing cylinders were 
of 5 mm diameter. The rod and cylinder were made 
of metal or alloy to be investigated, and the surface was 
finished by lapping. 

The sliding velocity varied with amplitude and the max- 
imum was 3 mm/sec. The period of swing was 2 c/s. The 
load at each contact also varied slightly with swing and the 
average was approximately 100g. The damping motion 
of the pendulum was recorded by means of an electronic 
device, i.e. the motion of the pendulum was converted into 
the variation of electric capacity of an air condenser, which 
was composed of two fixed plates and a moving one attached 
to the pendulum. 

The typical records of the damping motion are illustrated 
by A and B in Fig. 2, where the side letters a, b and c 
correspond, respectively, to the time when the pendulum 
was switched to be inclined, the time when it was set free 
to oscillate and the time when it stopped. Curve A is a 
regular damping motion, but curve B is characterized by 
disturbed pattern showing that the pendulum shook 
irregularly to and fro in the direction perpendicular to 
the plane of swing with the result of increasing the electric 
capacity. It was considered that the irregular motion may 
be due to the unevenness of friction at the four contacts 
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a 
Fic. 2. Typical damping curves of the pendulum. 


of sliding. That is, when friction happened to be larger 
at any one contact than at other contacts so that the one 
contact was in “stick” while the others were in “slip,” 
the journal might not slide but roll on the stick-side of 
the support for a moment, which would result in the 
irregular to-and-fro movement of the attached plate of 
the condenser. It is, therefore, probable that curve B 
indicates the occurrence of “stick-slip” in sliding. 

The coefficient of friction, f, is of course calculated from 
the damping slope. In the case of B the disturbance was 
neglected and the slope was drawn as if the pendulum 
damped regularly and straightly. Value of f thus obtained 
is accordingly apparent and approximate. 


Electrical contact resistance 


Contact resistance, R, was measured by a d.c. potential 
method. The current was kept constant, i.e. 30 mA for R 
lower than 1Q and 3mA for the higher R. Therefore, 
the potential drop across the sliding contact became smaller 
with the smaller R, for example, 3 mV for R = 0.1 Q. 
The measurable range of resistance was between 10-2 and 
102 Q. The resistance was recorded in parallel to that of 
damping motion on the same sheet. Typical features are 
shown in Fig. 3. Curve A is smooth during oscillation of 


Resistance 





b 
B 


Fic. 3. Typical traces of contact resistance. 


pendulum, while curve B fluctuates, which is considered to 
indicate the intervening of fairly large debris between the 
sliding surfaces. The smooth curve shows, on the other 
hand, that of very small debris. A detailed discussion on 
these phenomena has been published elsewhere (2). 

It is neccessary to give information on the resistance 
pattern or at least their classification for interpreting what 
occurs at the sliding contact. In addition, it is also important 
to show the magnitude of R. If R is the order of 10-1 Q, 
wear oxide debris may be present at the contact. In the case 
of A, R was readily given, but it was difficult to evaluate 
R precisely with B. Thus the best way is to average 
approximately the value over the range from point b to 
point ¢ in a single measurement. R was measured then 
with a precision of only one figure. It was found that such 
rough estimate of R is nevertheless meaningful to charac- 
terize the frictional behavior of surface oxide. 


The similar metals 


Metals studied were gold, silver, copper, platinum, 
nickel, aluminum and tin. They were all commercially pure. 
Alloys were 18-8 stainless steel, high- and low-carbon 
steels, and brass. These specimens were degreased by two 
methods, according to their reactivity with degreasing 
agent and their oxidizability. Copper, aluminum, tin, and 
brass were cleaned with ultrasonics in purified benzene, 
while the others were boiled in 5° KOH in methyl alcohol. 

Friction and contact resistance were measured repeatedly 
more than twenty times without any change in the specimens 
and their arrangernent throughout a single experiment. 
fand R were not always steady but often varied on measure- 
ment. The diversity of these values is due to the variation 
of surtace state. The extent of the diversity is, therefore, 
very important to characterize the frictional nature of metal. 
Furthermore, it was observed that, although f and R 
varied on measurement, they sometimes increased or 
decreased gradually to a certain level after successive 
measurements. Considering these findings the following 
treatment of the original data was made: data were grouped 
of every successive five measurements such as from m = 1 
to m= 5, from m= 6 to m= 10, and so on. These 
groups were characterized by the median, f and R, and the 
range, Af and AR. 

Besides friction and resistance, microhardness and micro- 
scopic observations were made. Typical pictures of scar 
were given in Fig. 4, where A is damaged severely in appear- 


Fic. 4. Typical features of scar. 
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ance suggesting the occurrence of local seizure, and B is 
abraded mildly. - 

Numerical results obtained in ordinary laboratory 
atmosphere and at room temperature are summarized in 
Table 1. Qualitative results are also shown in Table 2, 


TABLE 1 


Friction, Contact Resistance, and Microhardness of Metals 
and Alloys in Reciprocating Sliding 





| 
_ Resistance_ | Hardness 
mBe. an) 


Substance _ Friction __ 


fi fo Af 


0.53 0.09 | 0 
0.53 0.11 | 0 
0.22 0.08 | 0.2 
0.50 0.10 | 0.15 
0.60 0.11 | 0.1 
0.76 0.11 | 0.3 
Tin 0.53 0.04 | 1.2 
Stainless steel 0.44 0.03 | 0.4 
High-carbon steel | 0.50 0.01 | 0.4 
Low-carbon steel | 0.40 0.02 
Brass 0.50 0.02 





0.2 0.08 | 
0.02 0.01 
0.3 0.08 | 
0.15 0.04 | 
0.2 0.08, 270 
03 00, 60 
1.5 0.24 8 
0.6 0.16, 360 
1.1 0.20; 900 
0.7 0.30; 120 
0.2 ag are 


Gold 
Silver 
Copper 
Platinum 
Nickel 
Aluminum 


80 
80 
90 
120 





0.46 0.2 








which might serve to find the general characteristics and 
tendencies of metals. 
Friction 

It was found that sticky swing is always accompanied by 
severely damaged scar and the wide range of f, whereas 
smooth swing is not. This is similar to the unidirectional 
results usually observed in stick-slip friction with, for 
example, a hemisphere on a flat surface. However, there is 
a point of difference in the two sliding modes; the occur- 
rence of stick is regular in unidirectional sliding, while it 
is somewhat irregular and only in the wider amplitude in 
the present experiments. Sticky swing was observed with 
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all the pure metals and stainless steel, but not with carbon 
steel and brass. 


Contact Resistance 


It was found that R,, is generally larger than Rj. In 
particular it is marked with steel and tin. This probably 
means that the increasing R corresponds to the increasing 
wear with successive measurements. Contrary to the expect- 
ation that it might be very small, R was observed to be 
1 x 10-1 Q or more with gold and platinum. At the present 
stage of this investigation no satisfactory explanation can 
be given for this phenomenon. It is not due to any con- 
tamination which might exist initially on the surface of 
these metals. Recently another source of contamination 
was suggested by Hermance and Egan (3) which occurs 
due to the presence of a small amount of organic vapor in 
air. In the present experiment, however, silver did not 
show such a high resistance in spite of being in the same 
atmosphere. 

There are some correlations among the characteristics 
of contact resistance. In the case where the trace was 
fluctuating, R was larger and AR wider, but R became 
smaller and AR narrower in the smooth trace. This is 
supporting evidence for the explanation of resistance by 
the intervention of oxide debris in reciprocating sliding. 


Correlations Between f- and R-Characteristics 


It was found that there is not necessarily a relation 
between f- and R-characteristics. For instance, f of high- 
carbon steel was almost constant throughout the successive 
measurements, while R increased from 0.4 to 1.1. Q. The 
increase of R suggests increasing oxide debris. At first 
sight it seems puzzling that the increasing debris has no 
influence upon the friction. However, this may only be 
explained by the present adhesion theory of friction; as 
the true contact area depends only on the applied load and 
the yield strength of steel, and is not varied by the presence 


TABLE 2 
Correlations Among the Characteristics of Friction and Contact Resistance and the Nature of 
Metals and Alloys 





| 


Hardness | Surface 


oxide 


Substance 


Sticky 


swing 


4 


Fluctu- 
ating R | 


&l 


Damaged 
scar 


R, 
| 





Gold 
Silver 
Copper 
Aluminum 
Tin 
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+++4++14+4+4+11 
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Hardness: s < 100 < A(kg/mm?). 
Af: n < 0.02 < m< 0.05 <w. 


Be: 1 <0.5 <h(Q). 


:n<0.10 < m <0.20 < w(Q). 





The Friction and Contact Resistance of Metals and Alloys in a Reciprocating Sliding 29 


or absence of wear debris, the frictional force may remain 
unchanged by the presence of debris, if the debris does 
not roll about between, but adhere to, the sliding surfaces, 
and if the shear strength is also unchanged. In fact the 
junction is always of oxide-to-oxide, because steel is base 
and covered with oxide at the atmospheric pressure of air. 

It has been found that oxide—oxide sliding is relatively 
smooth and stick-slip begins when metallic contacts occur. 
It is also known that the surface oxide is readily broken 
on sliding with softer metals. In view of these, the metals 
from gold to platinum in Table 2 may be expected to 
cause stick in friction and they actually did so. The harder 
alloys showed smooth sliding with the exception of nickel 
and stainless steel. As shown in Table 2, no simple relations 
existed between the nature of metal and the R-character- 
istics, the latter of which is affected by the thickness, 
crystalline nature and mechanical properties of surface 
oxide. 

It is now obvious that there are no correspondences 
between f- and R-characteristics. In fact, carbon steel and 
brass resemble each other in f-characteristics, but differ 
in R-characteristics. Therefore, further investigation is 
desired on the surface oxide. 


The Influence of Surface Oxide 


Nickel was aged at room temperature and in atmospheric 
air for a prolonged period, and examined of frictional 
characteristics. Some comparisons of the results with those 
of fresh nickel and stainless steel are given in Table 3. 


TABLE 3 
The Effect of Aging on Friction 





if | Sticky swing | Damaged scar 


Substance fa 





Nickel ‘ } 
Aged nickel ' 
Stainless steel] 0.44 k 


t 





As shown in Table 3, aged nickel was found to be similar 
to stainless steel. This is probably due to the similar 
surface structure, that is (NiO/Ni), and (CrgO3/18Cr-8Ni-Fe) 
structures have the same mechanical characteristics of 
(tough compact skin/considerably hard substrate). The 


rate of oxidation of nickel surface may be so slow that the 
fresh surface is far less protective than the aged one. 


The dissimilar metals 


A dissimilar couple of low-carbon steel (journal) and 
silver (bearing) was studied. This couple is of special 
interest, because carbon steel is in marked contrast to 
silver both in friction and in resistance characteristics. 

The results are compared with the similar couples of 
steel and silver in Table 4. The friction characteristics of 
the dissimilar couple is quite the same as that of steel-steel 
couple, that is, swing is regular and the scar is smooth. 
On the other hand, the resistance characteristics are in 
good agreement with that of silver-silver couple, that is, 
the resistance is low, its range is narrow, and its trace is 
smooth. 


TABLE 4 
The Dissimilar Couple 





Friction | Resistenas | Sticky | Damaged | Fluctu- 
\fo Af | Ra. AR | swing | scar jatingR 


Couple 





Silver-silver | 0.46 0.11/0.02 0.01; + Ra hae 
Steel-silver |0.41 0.021008 00! — | — 


Steel-steel (0.41 0.02/07 03 | — a ar 
| 


| | 





The observed smooth friction and low, steady resistance 
are not contradictory to the other data from similar couples. 
These characteristics may be favorable to an electric contact. 
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The Heat of Adsorption of a Boundary Lubricant 


By E. P. KINGSBURY! 


For the case of physical bonding, the heat of adsorption of a boundary lubricant on a 
bearing surface has been shown to determine frictional behavior. The theory is here extended 
to include the effects of temperature and velocity on wear, and corresponding experimental 


results are presented. 


The mathematical form of these dependencies is discussed and a characteristic temperature 
defined and calculated. As a result, a class of very high temperature boundary lubricants is 
suggested and some further experimental results summarized. 


Nomenclature 


ty, time of residence of an adsorbed molecule (sec). 
to, period of vibration of an adsorbed molecule (sec). 
heat of adsorption (cal/mole). 
universal gas constant (mole °K cal-"). 
absolute temperature (°K). 
fractional film defect. 
number of adsorption sites (1/cm?). 
number of occupied adsorption sites (1/cm?). 
time required to move distance between sites (sec). 
distance between sites. 
v, relative sliding velocity (cm/sec). 
f, friction coefficient. 
fm, metal-to-metal friction coefficient. 


fr, lubricant-to-lubricant friction coefficient. 
Y, generalized velocity. 

Xf, 
Z, wear (g). 


generalized friction. 


Zm, metal-to-metal wear (g). 

Z;, \lubricant-to-lubricant wear (g). 
Xw, generalized wear. 

T:, characteristic temperature (°K). 


Introduction 


Bounpary lubrication involves the action of residual 
surface films in preventing metallic contact and welding 
at a rubbing interface. The lubricant molecules are pictured 
as being firmly attached to an underlying surface, forming 
a dense protective carpet (1). 

The bonds attaching the lubricant molecules to a surface 
are supposed to be stronger than those acting between 
adjacent lubricant molecules, making it relatively easy to 
slip one carpet past another, but difficult to dislodge or 
penetrate to the metal. The strength of the attachment 
should thus be a measure of a lubricant’s effectiveness, 
and could give a quantitative basis for terms such as oily- 
ness or lubricity. 
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Two types of bonds are usually discussed: physical, 
where the forces involved are of the relatively weak, non- 
activated van der Waals type; and chemical, where strong 
chemical forces are present which require an energy of 
formation. With ordinary mineral oil lubricants acting on 
metal surfaces, the adsorption is physical. For severe 
rubbing conditions chemically active additives are used. 
This paper is confined to a discussion of physical adsorption 
only. 


Generalized friction, X; 
(e) l 2 


—: 











} 25 | 100 
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1.76 | 1.62 
11,000 | 11,800 
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Fic. 1. Generalized friction vs. generalized velocity for steel on 
steel in n-hexadecane. 


Frictional resistance 


It has been suggested (2) for physical adsorption that 
the frictional coefficient resulting from partial penetration 
of a lubricant carpet could be calculated as a function of 
temperature and sliding velocity. The argument is repeated 
briefly here. 

An asperity sliding across a surface encounters an array 
of lubricant molecules occupying sites where their potential 
energy is minimized. On a metal surface of regular structure 
the minimums lie equidistant from the surface molecules 
of the crystal and hence have the same spacing. The average 





The Heat of Adsorption of a Boundary Lubricant 


time t, spent by a particular molecule in a particular site 
is given by: 


t, = toexp(E/RT) [1] 


with tg the period of thermal vibration of the molecule 
perpendicular to the surface, EF the heat of adsorption of 
the lubricant on the surface, R the universal gas constant, 
and T the absolute temperature. It is reasonable to assume 
that if the time #, it takes the asperity to slide the distance z 
between sites is large compared to ¢t,, the time of residence, 
the asperity will find the site vacant; if tz is small compared 
with t,, the site will be occupied. 
Defining «, the fractional film defect as 


a =(N,—N)/Ns [2] 


where N; is the total number of available sites, and N the 
number occupied at the rubbing interface per unit area, 
for simplicity, it can be assumed that 


(1—a) = exp(—#,/tr) [3] 
since this formulation satisfies the limiting conditions 
discussed above. Combination of the foregoing gives 


a = 1—exp |- ~ exp(-E/RT)| [4] 
vto 


where v is the relative sliding velocity of the system. 
Associating « with the friction coefficient /: 


f= afm+(1—a)fy [5] 


Sm is the coefficient without lubricant and f7 the coefficient 
when the carpet is whole, so that: 


Sm—f 
Sm—ft 


= exp |- —exp(—E/RT)| [6] 


Taking logarithms: 


in(ofe/s) = in| E . “ 4 4 _E|RT (7] 


m— 


Y = X;—E|RT [8] 


by defining Y and X; as the corresponding terms in Eq. [7]. 

Equation [8], for constant 7, is the equation of a straight 
line of slope unity whose intercept on the Y-axis determines 
E. Figure 1 is a plot of this sort, taken from Ref. (2), for the 
sliding system steel on steel in m-hexadecane. A on the figure 
represents the experimental value of the slope, E the heat 
of adsorption. Values for z and to were taken as 3 x 10-8 cm 
and 10-14 sec, respectively. 


Wear 


Rabinowicz (3) has suggested that in a boundary- 
lubricated sliding system, a definite relationship between 
the friction coefficient and the amount of wear should 


obtain: 
(=~ (ima) m 


Generalized wear, X, 
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Fic. 2. Generalized wear vs. generalized velocity for steel on 
steel in n-hexadecane. 


Generalized velocity 


Slope =1.0 





-15 = 


Here Z is the observed wear and Z» is the wear when 
lubrication is completely absent (corresponding to fm and 
to « = 1.0. Presumably Zs corresponding to ff and to 
a = 0 is zero). 

Equation [9] is arrived at by noting that a junction be- 
tween two rubbing surfaces in general may be expected to 
produce a friction quantity proportional to its diameter 
squared and a wear quantity proportional to its diameter 
cubed. 

Combining Eqs. [7] and [9], we get: 


=~] 
| 


In(vto/z) = in| ["(— a) | 


[10] 


Y = Xy—-E/RT [11] 


analogous to Eq. [8]. 

Thus one can, from Eq. [8], experimentally determine £, 
by measuring temperature, sliding velocity and a friction 
force; or, independently, from Eq. [11], by measuring 
temperature, sliding velocity, and a wear quantity. Figure 2 
plots wear data in this manner for the sliding system 
considered earlier: steel on steel in n-hexadecane using a 
pin-on-disk geometry. Z is taken as the amount of material 
lost from the pin in runs of constant sliding length under 
constant load. It is seen that Eq. [11] is obeyed over a 
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Fic. 3. Characteristic temperatures vs. fractional film defect. 
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range of temperatures. The average E for this data is 
11,100 cal/mole, in agreement with the 11,400 obtained in 
the preceding section from friction measurements. 


Discussion 


The numerical value of E for n-hexadecane on steel 
obtained in this manner, about 10 kcal/mole, is probably 
greater by a factor of 2 or 3 than one ought to expect. 
This is likely due to the simplifying assumptions made 
in the derivation. The results are thus most useful in 
indicating what sort of effects are important for boundary 
lubricants, and in making comparisons between different 
lubricants. 

It is clear that the most important characteristic of a 
sliding system is «, the fractional film defect. If « is small, 
approaching zero, friction and wear will be at a minimum; 
if « is large, approaching unity, friction will increase by 
one and wear by several orders of magnitude. By far the 
most important property of the lubricant in determining « 
is E, the heat of adsorption of the lubricant on the bearing 
surface. 


oe = 1—exp| - exp(-2/R7) | [4] 
vio 


The double exponential dependence of « on E is extremely 
strong, much stronger than the single exponential one 
might expect from adsorption theory alone. 
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Fic. 4. Characteristic temperatures vs. heat of adsorption. 


An increase in E benefits boundary lubrication in two 
ways, as indicated in Fig. 3. Here is sketched the depend- 
ence of « on temperature at a constant sliding velocity for 
two heats of adsorption, FE, and Ey: E2>,. First, the 
temperature at which da/d7 starts to grow is greater for 
E, than for E,; and second, AT, the temperature range over 
which the transition from good to poor sliding occurs, is 
larger for E2 than for Ej. The results of Coffin (4) can be 
explained on this basis. For certain sliding systems oper- 
ating well below room temperature, he observed a “‘trans- 
ition temperature,” lower for high velocity, at which the 
sliding conditions changed from good to poor. This can 
be interpreted as a small AT produced by a small E. 

This suggests the definition of a characteristic temper- 
ature 7;, as that temperature where da/dT reaches its 


maximum value, approximately half way through the 
transition. For constant sliding velocity T, is determined 
by the following equation: 


ee Me: E/RT, 
al see ie / »| [12] 


Equation [12] has been solved for v = 0.1, 1.0, 10 and 100 
cm/sec and the results plotted in Fig. 4, giving 7, against 
E for these velocities. Thus, in a given application, if the 
lowest sliding velocity is say 10 cm/sec and the relevant 
heat of adsorption as measured by Eqs. [8] or [11] is 20,000 
cal/mole, we find that we should operate at a temperature 
less than 400 C to avoid excessive friction and wear. 
Similarly, if EZ is 10,000 cal/mole, we must keep the 
temperature below 120 C. 
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Fic. 5. Generalized friction vs. generalized velocity for steel on 
steel in molten tin. 


Very high-temperature boundary lubricants 

One can readily set down a set of desirable characteristics 
for a high-temperature boundary lubricant. There should 
be no decomposition to form gums or tarnish, there should 
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Fic. 6. Generalized friction vs. generalized velocity for steel on 
steel in molten zinc. 
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be no chemical attack of metallic bearing surfaces, there 
should be no flash at high temperature, there should be no 
production of poisonous fumes, and so forth. In particular, 
there should be a large heat of adsorption on metals. On 
this basis, it might be expected that metals of low relative 
melting point could act as effective high-temperature 
boundary lubricants. 

Using a pin-on-disk geometry, steel systems were studied 
experimentally by the method of Eq. [8]. Molten tin and 
zinc were chosen as trial lubricants because of the affinity 
for steel surfaces which is indicated by the commercial 
use of tin and zinc coatings. Plots of Xz vs. Y are given 


TABLE 1 


Heat of Adsorption and Characteristic 
Temperature of Various Boundary 
Lubricants on Steel 





E (cal/mole) Te (C) 





Silicone oil 
n-Hexadecane 


8,300 -35 
11,800 125 


Tin 18,800 420 
Zinc 25,000 550 








for these systems in Figs. 5 and 6. It is apparent that the 
same type of temperature-reversible velocity-reversible 
transition takes place as has.been observed at lower temper- 
atures with simple mineral oils. The transition occurs at 
a high temperature as is consistent with a large value of 
E. Table 1 compares 7; at a sliding velocity of 1 cm/sec 
and E for a silicone oil, n-hexadecane, tin and zinc on 
steel surfaces. 

It might thus be possible to operate a rolling contact 
bearing at 500C using a molten metal (or perhaps a 
molten salt) as lubricant. 
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Transition Temperatures with Four Ball Machine 
By R. S. FEIN! 


The seizure phenomenon in the Four Ball Wear Machine is studied using dilute solutions 
of stearic and capric acids in cetane and a paraffinic mineral oil. Load, sliding speed and 
bulk lubricant temperature are investigated. The “‘flash temperature” at the area of rubbing 
contact is estimated using Blok’s theoretical treatment. 

It is shown that the estimated surface temperature corresponding to the transition from 
no-seizure to seizure increases with decreasing ratio of load to speed. This relationship of 
transition temperature to load-speed ratio for the Four Ball Machine represents an extension 
of previously reported transition temperature vs. load-speed ratio data obtained with a 
Pin-on-disk Machine. Thus, it appears possible quantitatively to relate the condition for 
the onset of catastrophic wear or scoring in these two different types of bench boundary- 





lubrication machines provided operational variables are properly considered. 
It is also shown that the transition-limited load obtained in these two bench boundary- 
lubrication machines qualitatively follows the same laws as wear- and score-limited loads 
of gear sets. 


Nomenclature 


A, constant with dimensions of (force) (time)/(length). 
B, constant with dimensions of reciprocal temperature. 
D, constant with dimensions of reciprocal temperature. 
E, energy per mole. 

L, Four Ball Machine load. 
P, mean pressure between rubbing surfaces. 
R, gas constant. 
temperature of bulk lubricant and bulk sliding 
material. 
Ts, temperature at sliding surface. 

V, sliding velocity. 
W, load normal to sliding surfaces. 

c, heat capacity of sliding materials. 

f, coefficient of friction. 

k, thermal conductivity of sliding materials. 

r, radius of sliding contact area. 

a, thermal diffusivity of sliding materials = k/pc. 

p, density of sliding materials. 
T;-— Tp. 


introduction 

‘THE phenomenon of sudden increases in friction and wear 
attending a change in an operating variable under boundary 
lubrication conditions is one of considerable importance 
in practical machines since these transitions often lead to 
machine failure. Extensive studies of these friction and 
wear transitions have been made because of the practical 
importance of the problem. These studies have generally 
been carried out in the actual machines of interest, or, 
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in some cases, on bench test machines that generally do 
not simulate the actual mechanism. 

Correlations of performance among the _lubricant- 
bearing material combinations in the actual machines or 
bench test machines generally have been made on a relative 
basis by rank-order methods. These relative ranking 
methods have been only partially successful because of 
differences in basic operating conditions between the bench 
test machines and practical machines. The effects of these 
basic operating conditions on transitions have not been 
adequately delineated although some have been considered. 

Frictional heating of sliding surfaces has long been recog- 
nized as one of the troublesome basic characteristics which 
differs in degree among machines. Blok has theoretically 
developed equations for calculating “flash temperatures” 
occurring at sliding surfaces (1). These equations have been 
applied to the Four Ball Machine by Blok (2). Kelley has 
modified Blok’s equation for spur gears (7). Kelley’s 
equation has apparently proved useful for determining the 
flash temperature characteristic of scoring in particular 
gear-lubricant combinations. However, several investigators 
have found cases where scoring limit of gears depends on 
pitch line velocity in a manner that is not accounted for 
solely by frictional heating (3). 

Recent fundamental studies using Pin-on-disk Machines 
under conditions where frictional heating is negligibly 
small have shown that transitions depend on other oper- 
ating parameters than surface temperature. Kingsbury 
showed that with steel sliding on steel at constant load 
and with cetane (n-hexadecane) as a lubricant, the transition 
temperature increased with increasing sliding speed (8). 
Fein et al. showed a similar increase in transition temper- 
ature with speed and also showed a decrease in transition 
temperature with increasing load (not pressure) between 
the surfaces (6). They found this effect with dilute solutions 
of fatty acid in paraffinic hydrocarbons and a paraffinic 
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mineral oil with steel on steel. Copper-on-copper and 
silver-on-silver were also investigated with dilute stearic 
acid in cetane and showed similar effects. Empirically it 
was found that the reciprocal of the absolute temperature 
at the transition varied linearly with the logarithm of the 
ratio of load to speed. 

It appears from the above work that, under so-called 
boundary lubrication conditions, the load and sliding speed 
may have two effects on transitions from low to high fric- 
tion and wear. One is to decrease the transition temperature 
of the surface as the ratio of load to speed is increased and 
the second is to raise the surface temperature by frictional 
heating. The present paper reports work with the Four 
Ball Machine which confirms this and further shows 
quantitative correlation between the Four Ball Machine 
and the Pin-on-disk Machine work previously reported. 
It also shows qualitative agreement between these bench 
test machines and gear sets. 


Equipment, procedure and materials 

As indicated above, the equipment used in this work 
was a Four Ball Wear Machine. New sliding specimens con- 
sisting of 4 in. diameter Grade 1 balls of AISI 52100 steel 
were used for each run. Lubricant and test pot were 
brought to the desired bulk lubricant temperature, the 
load was applied, the drive motor was switched on for 
10 sec and the machine allowed to coast to a stop. Friction 
was continuously recorded during the run and the stationary- 
ball, wear-scar diameters were measured at the end of the 
run. From the scar diameters, wear in terms of volume 
per ball per unit of load normal to the wear surface was 
calculated by a recently reported method (5). 

Lubricant materials used in this work consisted of 0.26% 
capric acid in cetane (0.34 mole- %), 0.43% stearic acid 
in cetane (0.34 mole- %), and a paraffinic mineral oil. 
Information on the nature of the lubricant components is 
given in Table 1. 


TABLE 1 
Lubricant Components 





1. Cetane (percolated over silica gel and alumina, filtered), 
m.p. 64 F 

2. Stearic acid, m.p. 151 F 

3. Capric acid, mp. 86F 

4. Paraffinic mineral oil (solvent refined mid-continent distillate 
viscosity 27.6 cP at 100 F and 4.4 cP at 210 F) 





Nature of the Four Ball Transition 


Typical wear and friction results are illustrated in Figs. 
1 and 2 for one combination of load and speed. Each 
point represents results obtained with new specimens and 
lubricant. It is apparent that, at the critical bulk temper- 
ature, friction increases about two- or three-fold and wear 
per unit load increases about ten-fold. At this critical bulk 
temperature a typical Four Ball Machine seizure occurs 
with the friction rising sharply in the first second of run- 
ning. The five low coefficient of friction values of about 
0.12 above the transition temperature represent cases where 


seizure recovery (and presumably recovery to a low wear 
rate) occurred within the 10 sec run; this recovery is not 
shown by the corresponding wear data since these wear 
data represent wear rates integrated over the entire 
run. 
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Fic. 1. Effect of temperature on friction. 


The data of Figs. 1 and 2 represent the determination 
of one bulk lubricant transition temperature, 165 F for 
a machine load of 27 kg and a speed of 600 rev/min (23 
cm/sec sliding speed). Transitions to seizure were also 
obtained under other operating conditions with the 0.43% 
stearic acid/cetane solution. These are shown in Fig. 3. 
It is apparent that increasing the load or the speed de- 
creases the bulk lubricant transition temperature as would 
be expected from frictional heating considerations. 
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Fic. 2. Effect of temperature on wear. 


As previously indicated, it has been shown that the 
transition temperature on a scale linear with respect to the 
reciprocal of the absolute transition temperature decreased 
linearly with the logarithm of the ratio of load to speed; 
other operating variables such as pressure had no measur- 
able influence on the transition temperature—load—speed 
relationship for any lubricant-metal combination. Figure 4 
shows the data of Fig. 3 plotted on the co-ordinates 
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previously found to give a linear relationship! ; also shown 
on Fig. 4 is the line obtained in the previous work (6) for 
0.43% stearic acid/cetane with the Pin-on-disk Machine. 
It is apparent that the Four Ball Machine transitions for 
this lubricant fall below the Pin-on-disk transitions and do 
not plot linearly on these co-ordinates. The deviations 
between the Four Ball and Pin-on-disk Machines increase 
with increasing ratio of load to speed and also with increasing 
speed. This type of deviation would be expected as a result 
of frictional heating in the Four Ball Machine (frictional 
heating was negligible in the Pin-on-disk Machine); this 
heating would produce surface temperatures in the wear 
area considerably above the bulk temperature and the extent 
of this heating would increase with both load and speed. 
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Fic. 3. Effect of load on bulk transition temperatures. 


Effect of Load and Speed on Frictional Heating 


An estimate of the temperature rise due to frictional 
heating can be made using the theory derived by Blok (1). 
This theory is applicable during the first instant of sliding 
(actually after about 0.001 sec) before the balls have begun 
to wear appreciably or to heat up appreciably beneath the 
rubbing surface. For the case of the Four Ball Machine (a 
spot of radius r rubbing against an extensive surface)? the 
maximum temperature rise at the rubbing surfaces is 


BP we eT EV The) 
maz — 
pe[1 + /(37V7/4a)] 

The mean pressure between the surfaces and the radius 
of the rubbing contact can readily be calculated from the 
Hertz equations before wear has occurred. Thus, P 
= 6.85 x 106L1/9(g/cm?) and r = 4.37 x 10-3L1/8 (cm) for 
4 in. diameter steel specimens. Substituting these relations 
in Eq. [1] and simplifying yields 

6.17 x 1054/(a)f4/(LV) 

~ R4/(a)/[4.12 x 10-2/(L48V)] +13 





[1] 





[2] 





1 Load-speed ratio for the Four Ball Machine data is computed 
on the basis of load normal to the wear area. From geometrical 
considerations, this normal load is (0.408) x (machine load). 

2 Nomenclature is tabulated at the beginning of this paper. } 
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If V is sufficiently large, the left-hand term in the de- 
nominator becomes negligibly small compared to the right- 
hand term, unity, and ATmax is proportional to f,/(LV). 
Blok has used the parameter of f4/(LV) as the “flash 
temperature parameter” for characterizing lubricants in 
the Four Ball Machine (2). This approximation of Blok’s 
is fairly rough since at the usual Four Ball Wear Machine 
speeds and loads the left-hand term is an appreciable 
fraction of unity. For this reason, Blok’s entire theoretical 
expression is used to calculate the temperature rise rather 
than his approximation. Taking values for steel of k 
= 2400 gsec-1 °F-1 (0.10 cal cm-? sec~! °C-! cm) and 
a = 0.12 cm2/sec and substituting in Eq. [2] yields 


__ 9FY(LV) 
~ 8.4/4/(L¥38V) +1 


Eq. [3] was used to calculate the temperatures at the 
sliding surfaces? corresponding to the bulk lubricant 
transition temperatures shown in Fig. 4. Plotting the 
calculated surface temperatures in the manner of Fig. 4 





(3] 


max 


0.43% STEARIC ACID/CETANE 






°. 4001 oF 
300. = 
PIN-ON- DISC 
4g MACHINE 
3 \ AISI 4140 STEEL 
- 200) & \, 
TSX cour 2 
3 atti . 
3 Aisi bs 








ro co 0 wo OF 
LOAD/SPEED,g-sec/cm 


Fic. 4. Four Ball and: Pin-on-disk Machine—bulk transition 
temperatures, 0.43% stearic acid/cetane. 


showed that the Four Ball transitions coincided with the 
extension of the Pin-on-disk Machine line at low load- 
speed ratios but tended to fall slightly below the extension 
at higher load-speed ratios. In view of the close approxim- 
ation of the sets of transition data from the two machines 
and the uncertainties of the absolute values of the constants 
of Eq. [3], it appeared reasonable to assume that the two 
sets of data are representative of the same transition— 
temperature v. load-speed ratio relationship and adjust 
the constants of Eq. [3] accordingly. Since the constant in 
the denominator has a relatively small effect, only the 
numerator constant was adjusted; the final value selected 
for this constant is 120 which is reasonably close to the 
value of 90 in Eq. [3]. Thus, 





3 The coefficient of friction just below the transition is used in 
computing the surface temperature corresponding to the transition. 
Sliding speeds of 23, 46, and 69 cm/sec corresponding to 600, 
1200 and 1800 rev/min. respectively are also used in the compu- 
tations. These speeds obtain from geometrical considerations. 














_ 120fy(LV) 
~ 8.4/4/(LABV) +1 





[4] 
is used to calculate temperatures in following sections. 


Comparison of Four Ball Machine and Pin-on-disk Machine 
Transitions 


Figure 5 shows the data of Fig. 4 plotted as surface temper- 
ature rather than bulk lubricant temperature. It is apparent 
that the data for the three Four Ball Machine speeds 
scatter about the extension of the Pin-on-disk line. This 
agreement between the two machines confirms that both 
sets of data follow the same general laws. However, since 
the equation used to calculate surface temperatures was 
adjusted by forcing these sets of data for 0.43% stearic 
acid/cetane to agree, this does not prove that these two 
sets of data are representative of the same transition 
temperature vs. load—speed ratio relationship. 
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Fic. 5. Four Ball and Pin-on-disk Machine—surface transition 
temperatures, 0.43% stearic acid/cetane. 


An independent test of both the surface temperature 
calculation and the agreement between the two machines 
can be obtained by comparing the transition temperatures 
of the two machines with other lubricants. Such compari- 
sons are shown in Figs. 6 and 7. The capric acid data which 
have previously been reported (6, 9), represent a test of 
Eq. [4] in that the coefficient of friction is about 50% 
greater than that for stearic acid. The: paraffinic mineral 
oil data show applicability to a practical lubricant. All 
comparisons indicate reasonable agreement between the 
dependence of surface transition temperature on load and 
sliding speed for the two machines. This agreement is 
remarkable for two machines with different mechanical 
configurations, different steel specimen hardnesses (about 
270 kg/mm? on the Pin-on-disk Machine and 740 kg/mm? 
on the Four Ball Machine) and different specimen metal- 
lurgy (AISI 4140 is a medium-carbon molybdenum steel 
and AISI 52100 is a high-carbon chromium steel). It 
suggests that the dependence of transition temperatures 
on load-speed ratio is not grossly affected by a difference 
in chemical and physical properties for different steels nor 
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Fic. 6. Four Ball and Pin-on-disk Machine—sur‘ace transition 
temperatures, 0.26% capric acid/cetane. 


a difference in mechanical configurations for different 
machines. 


Discussion 


In the foregoing section it was shown that, for the lub- 
ricants studied, the relationship of load, sliding speed and 
surface temperature critical to a friction and wear transition 
was the same in the Four Ball Machine and a Pin-on-disk 
Machine. Thus, quantitative correlation has been obtained 
between two bench test machines!. Such quantitative 
correlation naturally leads to speculation concerning its 
generality. What variables influence the load, speed and 
temperature relationship and what does this relationship 
imply ? 
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Fic. 7. Four Ball and Pin-on-disk Machine—surface transition 
temperatures, paraffinic mineral oil. 





1 While the conditions to produce a transition are the same in 
the two machines, there are differences in the nature of 
the transitions with the two machines. The Four Ball Machine 
with 52100 steel shows seizure recovery with a reduction in wear 
rate. The Pin-on-disk Machine with 4140 steel shows no recovery 
and both friction and wear rate remain high for extended periods 
of time. Recent work by T. H. Randall at the writer’s company 
has shown that these differences in nature of the transition result 
from differences in the steels rather than differences in machines. 
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With respect to the variables influencing the relationship, 
the lubricants studied all showed essentially the same 
slope of transition temperature vs. load-speed ratio on 
the co-ordinates used. As shown in Fig. 8, Kingsbury’s 
data for cetane (8) and Clayton’s data for a light mineral 
oil (4) also show similar slopes when handled in the manner 
of the present work. However, there are appreciable 
differences among lubricants in level of the transition 
temperatures for any load-speed ratio. Kingsbury’s cetane 
data show the lowest transition temperatures while Clayton’s 
mineral oil and the mineral oil used for the present work 
show much higher transition temperatures. Clayton’s data 
for castor oil (4), not only are higher than the mineral oils 
but also show a much lower slope. Thus, non-reactive 
lubricants (i.e. non-EP lubricants) can affect both the level 
and slope of the transition temperature vs. load—speed 
ratio relationship. 

In addition to the relationship being influenced by 
lubricant, it may also be influenced by the materials of the 
sliding surfaces. Thus, Fein et al. showed that the slope 
of the relationship decreased as the sliding metal couple 
was changed from steel to copper to silver with dilute 
stearic acid in cetane as a lubricant (6). 
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Fic. 8. Literature transition data. 


With respect to the significance of the relationships that 
have been discussed, it is informative to examine the two 
equations governing the transition. The first equation is 
that which empirically represents the form of the load— 
speed-transition temperature dependencel. 


: Bl iD [5 
7, Pe; ] 


8 


The second equation is the frictional heating equation 
which for the first few moments of sliding on the Four Ball 
Machine is Eq. [4] with W substituted for L (W = 0.408 
L). 





1In reference (6) this was expressed as an Arrhenius-type 
equation W/V = Ae-E/RTs Thus, the constants in Eq. [5] are 
B = 2.303R/E, and D = (2.303R/E) log A. 
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AT = T,—Tz= a [4a] 
7.3/+/(W18V)+1 

These two equations relate the critical values of the con- 
trollable operating parameters of W, V and Ts to the 
parameters f, A and E of the lubricant-metal combination. 
These two equations can be used to calculate the limiting 
load as a function of sliding velocity for a given bulk 
lubricant temperature in the Four Ball Machine. This 
manner of examining the significance of the equations is 
of interest since normally the bulk temperature in a machine 
is held constant and the limiting load or speed is determined. 
Fig. 9 shows this limiting relationship for the 0.43% stearic 
acid/cetane and the paraffinic mineral oil studied in the 
present work. Also shown on the figure is a limiting line 
for a hypothetical lubricant with the same reciprocal of 
absolute transition temperature vs. logarithm of load—speed 
ratio slope. as the other two lubricants but a higher trans- 
ition temperature (100 F above the light mineral oil at 
W/V = 1000 g sec cm~") level. 
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Fic. 9. Effect of hydrocarbon lubricant on transition limited load. 


It is apparent from Fig. 9 that at low sliding speeds the 
transition limited load increases with speed. As frictional 
heating becomes appreciable at higher speeds, a maximum 
load carrying capacity is reached after which the load 
carrying capacity decreases with speed. This is the same 
type of load capacity versus speed relationship that has 
been experienced with gear sets (10). This suggests that 
the same “laws” represented by Eq. [4a] and [5] may 
govern transitions in other equipment than the highly 
circumscribed bench-test devices used in the present work. 
Even more suggestive is the minimum load-carrying 
capacity at very high sliding speeds shown by the hypo- 
thetical oil. Similar results have recently been reported for 
high speed gear sets (3) and have been attributed to relax- 
ation phenomena or hydrodynamic effects. The present 
work suggests that the entire load carrying capacity vs. 
speed characteristics of gears can be accounted for qualit- 
atively by the same laws governing transitions in slow 
speed bench-test equipment. Further work remains to 
determine whether these laws may be quantitatively applied 
to other systems and to determine the mechanism by which 
transitions occur. 
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Conclusions 


The boundary between the regions of low and high 
friction and wear appears to follow qualitatively the same 
laws in bench boundary lubrication test machines and in 
gear sets. For two boundary lubrication test machines 
quantitative agreement is obtained for three non-reactive 
lubricants on steel with the reciprocal of the absolute 
sliding-surface temperature at the transition varying lin- 
early with the logarithm of the ratio of load to sliding 
speed. The relationship between bulk lubricant temper- 
ature and load and speed at the transition further depends 
on load and speed because of frictional heat gener- 
ation. 
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Distribution of an EP Film on Wear Surfaces 
By R. C. WIQUIST!, S. B. TWISS2 and E. H. LOESER! 


A new method has been developed for the determination of the distribution of EP film 
components on irregularly-shaped wear surfaces. It entailed the use of data from radiotracer 
counting, autoradiographic analysis, densitometer tracings and numerical integration. The 
method has been applied in a study of the film formed on engine valve train parts run in an 
oil containing zinc dialkyl dithiophosphate tagged with radioactive sulfur. The technique 
is applicable to similar investigations with other additives. 

The result obtained showed not only how much film was formed on wear surfaces by the 
additive, but it also pin-pointed areas on the mating parts, where the EP film concentrated. 
This type of information was not obtainable by other means. In runs made with a cam and 
tappet tester, the amount of sulfur film found on various valve train parts decreased in the 
following order ; cam nose, center tappet area and cam flat. For the same areaon the tappet, 
activity was greater for phosphate-coated parts than for untreated parts. Preliminary results 
indicated that it was possible to relate contact pressure experienced by the mating surfaces fairly 

precisely with the amount of EP film formed. 








Introduction 


RADIOTRACER studies (1-3) with tagged molecules have 
shown that an oil containing the EP additive, zinc dialkyl 
dithiophosphate, formed a tightly-bound, scuff-resistant 
film on engine valve train parts. Evidence was preseated 
which indicated the film was chemically and not physically 
adsorbed. Although the components in these films have 
not been identified as yet, the zinc, phosphorus and sulfur 
content of the films has been determined. The amount of 
film and its composition were influenced by the running 
time in the tester, load, and the use of phosphate-coated 
metal surfaces. This information was obtained mainly from 
counting data and represented an average value for the 
entire area observed through the Geiger counter window. 
Autoradiographs of the metal parts indicated that the radio- 
active film was not uniformly distributed on the wear 
surface (1-4). An evaluation of the amount of this film on 
localized areas of the rubbing surfaces is important to an 
tinderstanding of the manner in which the extreme pressure 
additive functioned in the prevention of excessive wear or 
scuffing. 

This paper describes the method developed to calibrate 
the optical density of the autoradiograph in terms of the 
amounts of radioactive sulfur in the EP film formed by a 
zinc dialkyl dithiophosphate additive. After the relationship 
between optical density and the amount of sulfur in the 
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film was established, it was possible to compare quantit- 
atively the film on the various localized areas of the mating 
parts, in this case, cams and tappets. The term “film” 
refers to the small amounts of additive elements tightly 
held on the metallic surfaces; this paper deals with the 
sulfur content of this “film”. The observed distribution 
of sulfur film is interpreted in terms of the operating 
conditions of the various tests. This method is adaptable 
to investigations of other additive films providing suitable 
isotopes can be synthesized into the additive ‘molecules. 


Procedures 


An earlier paper (2) described the results of a series of 
runs made in a motor-driven tappet tester (5) with a non- 
additive hydrocarbon oil containing one per cent of zinc 
dialkyl dithiophosphate tagged with radioactive sulfur-35. In 
each run, four tappets, two untreated and two phosphate- 
coated, and a quarter of an automotive cam shaft consisting 
of four cams were used. The cam lobes were not phosphate 
coated. A summary of the operating conditions for twelve 
of these runs is given in Table 1. The experimental data 
for the present paper are the autoradiographs of the cams 
and tappets from these runs. Autoradiographs are pictures 
that a radioactive surface takes of itself when placed in 
contact with a photographic film. Fig. 1 shows typical 
autoradiographs of tappet and cam surfaces after running 
in additive oil tagged with radioactive sulfur. A detailed 
description of the procedures used in making the auto- 
radiographs is given in the Appendix. Four sets of auto- 
radiographs were made during this extended research 
program. Autoradiographic densities within a given set 
were directly comparable. The length of exposure for each 
set was selected so that approximately the same optical 
density would result on the film for equivalent quantities 
of sulfur-35 in the additive film on cam or tappet surfaces 
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TABLE 1 
Summary of Runs with Sulfur-35 Tagged EP Additive, 200 F 





| Time 





Load | Calibration 
Run no. | (hr.) (Ib) Oil | factor 

| Set 1 

1—5 24 225. 11% 2 7.9 

Set2 . 

6 130 225 |1%Z 
then 19 320 1% Z 
then 104 415 1% Z 

then 48 225 1% Z 6.9 
7 and 9 130 225 1% Z 

then 68 225 Base 6.9 
Set 3 

8 130 225 1% Z 8.2 
Set 4 
10 130 225 1% Z 
then 19 320 1%Z 

then 186 415 1% 8.7 

11 24 310 1% Z 8.7 

12 24 400 1% Z 8.7 





*Zn[(RO)2PSS]2 
>Micrograms of S per cm? per unit of optical density. 


(see Appendix). Therefore, comparison between the values 
in the various sets should be reasonably valid. 





Fic. 1. Typical autoradiographs of four tappet and cam surfaces. 
Dotted line indicates path of densitometer traces. 


Densitometer tracings were made of the autoradiographs 
using a densitometer—comparator with automatic recorder. 
This densitometer makes use of a precision logarithmic 
light attentuator to give a linear density scale. The scan 
speed was 35 y/sec and the recorder speed was 0.4 in/min. 
The scan area was 20,000 2. The paths of the densitometer 
traces were across the tappet face diameters and along the 
middle of the wear paths on the cam circumferences (see 
Fig. 1). 


Calibration of Autoradiographic Traces 


The relationship between the autoradiographic optical 
density and the amount of sulfur in the EP film was evalu- 
ated from two sets of radiotracer data for the tappet films. 
First, the integrated counting rate over the tappet surface 


(the average counting rate or the total amount of sulfur 
film on each tappet face) was known from the calibrated 
counting data (2). Second, the relative distribution of the 
sulfur film over the tappet face was known, since the 
densitometer trace was made along a diameter and the tappet 
distributions showed circular symmetry. 

The problem is to integrate the tappet film distribution 
and determine what calibration factor would relate the 
counting rate (average amount of sulfur in the film thick- 
ness) with the average optical density for each tappet. If 
the factors were different for different tappets in each set 
of data, an optical density vs. sulfur-35 film content 
calibration curve would be required. 

The integration of the autoradiograph was done in the 
following manner. The optical density distribution along 
diameter was converted to a histogram on the trace graph 
paper with thirty-eight equal parts across the diameter of 
the tappet. The method required the volume of the solid 
formed by rotating the histogram about its center. This 
volume divided by the base would give the average height 
(corresponding to optical density) of the tappet face. 

Let R equal one-thirty-eighth of the tappet diameter. 
The volume of the center cylinder would be 7R2h;, where 
hy is the average of the heights of the histogram one R from 
the center. The value for the second cylinder would be the 
difference in volumes of two right cylinders, namely, 
a(2R)*ho—2Rhz or 32h, 

The volume of the whole would be: 


n=-19 


V=aR®? > (2n—1)hn 
n=1 


The area of the base would be B = 7(19R)? = 3617R? 


V n=19 
resulting in hayg = a > (2n-1)hn 
1 


n= 
361 


The calibration factor was found by dividing the average 
sulfur film determined from counting, by the average 
optical density (hayg) evaluated by integrating the density 
on the autoradiograph of the tappet face. 

In a given set of autoradiographs, the calibration factor 
was essentially constant for sulfur films greater than 1 pg 
of sulfur per cm?. The result that the calibration factor was 
independent of film thickness was expected for the weak 
sulfur-35 B-radiation in the density range of 0.14 to 1.4 
above background. This showed that the Bunsen—Roscoe 
reciprocity law (6) held for this radiation for Type K and 
KK X-ray films over this density range. Since exposure 
time was controlled in all sets of autoradiographs to obtain 
this density range, all the calibration factors were found 
to be independent of radiation intensity and time, and only 
dependent on their product. However, development con- 
ditions did vary between autoradiograph sets so that 
different calibration factors were found. The values with 
their standard deviations were 6.9+0.5, 7.9+ 0.4, 8.2+0.6 
and 8.7 + 0.4 ug of sulfur per cm? per unit of optical density. 
Table 1 lists the runs in each autoradiographic set along 
with the corresponding calibration factors. 
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Results 


Sulfur Film on Selected Areas of Cam and Tappet 


The values of sulfur film in micrograms per square 
centimeter (g/cm?) were calculated from the calibrated 
densitometer tracings for distinct areas of the surfaces, 
e.g. tappet center, cam nose and cam flat. These values are 
shown in Table 2 along with those for the average sulfur 
film found on tappets by the counting technique. In order 
to obtain some idea of the repeatability of the sulfur data, 
a comparison of duplicate Runs 7 and 9 was made. The 
average difference between these runs was 19% for the 
ten items measured. This compared favorably with the 
analysis of total film observed in four runs (sixteen tappets) 
after 130 hr at 225 Ib spring load, which resulted in standard 
deviation that was 16% of the average amount of the 
film. 

From the data presented in Table 2 one can obtain the 
ratio of these sulfur films for the combined runs. These 
ratios are shown in Fig. 2. The numerical values below 
the heavy vertical lines on the bar graphs indicate the aver- 
age ratio while the lighter vertical lines indicate the standard 


Cam Nose . 
Tappet Average 


Tappet Center 
Tappet Average 


Cam Flat 
Tappet Average 


Treated Tappet 
Untreated Tappet 





RATIO 


Fic. 2. Ratio of sulfur films on cam and tappet sections. 
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deviations from these averages. The ratio of films formed 
on the wear surfaces was mainly dependent on the geometry 
of the valve train system and relatively independent of 
surface treatment, spring load and run duration. 

The relative amount of sulfur film decreased with 
location as follows: cam nose, tappet center and cam flat. 
The extremely high sulfur content in the cam nose film 
may be explained in terms of the high unit loading with 
the resultant high frictional temperature during a short 
period of the shaft revolution. The concentration of film 
in the tappet center was related also to the high, localized 
loading while the spherical face of the tappet rode on the 
cam nose, in addition to a lower load while the tappet rode 
on the cam flat. The tappet film was, however, distributed 
over a larger area due to tappet rotation. The cam flat 
experienced the lowest loading. Thus, the three ratios 
indicated that the quantity of sulfur film was proportional 
to the average unit load per area during each cycle. Also, 
the overall effect of using phosphated tappets is shown in 
Fig. 2. The sulfur film was, in general, slightly greater on 
phosphated tappets; also, more film was found on the 
cams mated with phosphated tappets than on those mated 
with untreated tappets. 


Effect of Operating Conditions on Sulfur Film 

Typical densitometer tracings of the sulfur distribution 
found on cams and tappet sets for various operating 
conditions such as spring load, duration or presence of 
base oil are shown in Figs. 3, 6, 7 and 9. In all cases shown, 
the cam and tappet pair have been run in the tappet 
tester with an oil temperature of 200 F. The horizontal 
scale was the same for all cam perimeters and tappets 
diameters. However, several different vertical scales, 
displaying the quantity of sulfur, were used because each 
set of autoradiographs had a unique calibration factor as 
described earlier. The cam noses and cam flats do not 
coincide vertically, due to the mechanics of preparing 
composite illustrations. This has no significance in the 
interpretation of the data. 


TABLE 2 
Sulfur Film on Cam and Tappet Surfaces in Micrograms of Sulfur per cm? 














Average tappet Film on Maximum Film on Film on 
film by center of film near cam cam 
count tappet tappet edge Nose flat 
technique 
Run no. L U L U L U L U L U 
1—5 1.52 1.24 2.99 2.83 0.85 0.54 4.96 3.95} 1.01 1.00 
6 4.00 4.12 5.80 5.62 6.35 6.64 6.97 602| 2.42 2.11 
7 1.16 0.69 1.81 . 1.03 1.78 1.20 3.84 3.37) 0.69 0.58 
8 3:93. | 1.32 2.70 2.24 2.94 1.35 4.22 3.42| 1.26 1.06 
9 1.25 * 0.83 1.98 1.22 3.02 1.30 3.42 2.43 | 0.80 0.66 
10 S80 (aoe 4.10 3.93 Sad... Jae 6.90 6.24; 2.47 2.17 
11 2.44 2.15 5.95 as 0.87 — 10.34 9.28 | 1.90 1.94 
12 3.44 3.43 7.06 6.52 1.50 1.06 |>11.04>11.10 | 2.51 1.85 

















L = phosphated tappet. 
U = untreated tappet. 
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Fic. 3. Densitometer traces showing effect of load, 24 hr, phosphated tappets. 


A typical set of densitometer tracings showing the effect 
of spring load is shown in Fig. 3. The average sulfur films 
formed in 24 hr runs using phosphated tappets and three 
different spring loads is shown in Fig. 4 for four different 
film forming areas. Increased spring load definitely en- 
hanced the sulfur film in the 24 hr runs. The load increase 
to 400 lb over 310 did not appear to have as large an effect 
as the increase from 225 to 310. The cause for this could 
be the greater wear associated with higher spring load. 
The amount of film found was probably a function of the 
Hertz stress rather than spring load. 

The effect of time of operation at spring loads of 225 lb 
is shown in Fig. 5. Typical densitometer tracings appear 
as Fig. 6. When only the average results for the film 
formation are known, as was the case when using the 
counting technique, one must conclude that an equilibrium 
in film formation has not been reached even after 130 hr. 
The static film on the non-wearing area at the edge of the 
tappet make a significant contribution to the total film 
value determined by counting techniques. As seen in 
Table 2, this edge contribution varied with operating 
conditions. However, the densitometer results in Fig. 6 
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Fic. 4. Effect of load on sulfur film, 24 hr, phosphated tappets. 








showed that both the tappet center and cam nose film have 
decreased from their 24 hr values. This indicates that the 
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sulfur film quite rapidly reached an equilibrium value. 
However, the equilibrium film changed as wear occurred. 
The wear removed some of the film by abrasion and at 
the same time reduced the Hertz stress, which resulted in 
a smaller amount of sulfur film being reformed. 
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Fic. 5. Effect of time on sulfur film, 225 lb load, phosphated 
tappets. 


Effect of Subsequent Running in Base Oil 

In the 68 hr portion of Run 9, only base oil was in the 
tester. Thus, film transfer and film removal by abrasive 
wear were the only mechanisms available to change the 
film formed in the 130 hr operation in additive oil. Typical 
densitometer traces of these runs are shown in Fig. 7. 
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In Fig. 8, the amount of sulfur film remaining on specific 
surfaces at conclusions of Runs 8 and 9 is shown. The 
sulfur films on tappet center, cam nose, and cam fiat all 
decreased by approximately the same percentage as the 
average tappet film, 29+ 8%. 

The results obtained by running with the non-additive 
base oil demonstrated that the film was not easily abraded. 
The degree of protection afforded by the remaining 70°% 
of the film is unknown but appeared sufficient to be bene- 
ficial. 


Film Formation in Long Runs at Varying Loads 


The densitometer tracings showing the sulfur distrib- 
utions after the long Runs 6 (401 hr) and 10 (325 hr) are 
given in Fig. 9. These sulfur films are compared with 130 
hr-225 lb spring load film of Run 8 in Fig. 10. The long 
runs at higher spring loads did not increase the film more 
than a factor of 2 over the 130 hr—225 lb run. In general, 
more film was found in the 24 hr runs at high loads (see 
Fig. 4). The explanation in part is that sufficient wear 
occurred in the long run to reduce the Hertz stress and 
establish a smaller value of equilibrium film. Also, the con- 
centration of additive available for film replenishment was 
decreased by sludge formation during the extended runs. 


Sulfur Film Relation to Hertz Stress 


An attempt was made to correlate the sulfur film formed 
in 24 hr runs with the spring load on the cam flat. The cam 
flat was selected for comparison since its geometry would 
not be changed appreciably by the small amount of wear 
which had occurred. The ratio of cam flat spring load to 
cam flat sulfur film for lowest load (225 Ib on nose) runs 
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Fic. 6. Densitometer traces showing effect of time, 225 lb load, phosphated tappets. 
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Fic. 7. Densitometer traces showing effect of running in non-additive oil, 225 lb load, phosphated tappets. 


were 20.7+5.0 and 22.3+4.7 lb per ug of sulfur per cm? 
for runs with untreated and phosphate-coated tappets, 
respectively. These values with their standard deviations 
showed that tappet treatment was not significant in this 
analysis. The ratios with the cam nose loads of 310 and 
400 lb were found to be 22.0+3.9 and 24.4+5.0, respect- 
ively. These data indicated the amount of sulfur film on 
the cam flat was directly proportional to the spring load 
on the cam flat and that the best value of this slope was 
22.0+ 4.6 lb per microgram of sulfur per cm?. The Hertz 
stress, in pounds per square inch, normal to the camflat 
was calculated from the average value of spring load on 
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Fic. 8. Effect of additional operation in base oil, 225 Ib load, 
phosphated tappets. 


cam flat by the method of Turkish (7). These data are 
given in Fig. 11. The method of least squares was used to 
determine the best straight line through the six points. 
For the limited data available, the amount of sulfur- 
containing film was proportional to the stress on the cam 
flats. 


Discussion and Conclusions 


The new autoradiographic method for the quantitative 
determination of the radioactive film was applicable to 
curved as well as flat surfaces. With its aid the semiquantit- 
ative autoradiographic data and the tentative conclusions 
described in an earlier paper (2) have been confirmed. 
Additional information, not obtainable by counting or 
qualitative autoradiographic techniques, has been disclosed. 

It was shown in static experiments that the sulfur film 
was greater on phosphate-coated surfaces. The quantitative 
autoradiographic data indicate the presence of more sulfur 
film on the cams which had run on the phosphate-coated 
tappets than those which had run on the untreated tappets. 
The transfer of coating and/or film to the mating surface 
may be an explanation for this effect. Although the pro- 
filometer surface roughness of treated and untreated 
tappets, after extended running in the tester, were essenti- 
ally the same, the sulfur content of the film on the treated 
tappet was generally larger than on the untreated tappet. 
This may be due to entrapment of sulfur film in pockets 
etched into the surface during the phosphating process. 

It is apparent that the counting technique gave values 
for the amount of sulfur films which were too low for the 
high load area of the mating surfaces. However, an inter- 
esting fact revealed by the autoradiographic analysis was 
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Fic. 9. Densitometer traces showing effect of extended running at high load, phosphated tappets. 
Run 6—130 hr, 225 Ib; 19 hr, 320 Ib; 104 hr, 415 Ib; 48 hr, 225 Ib. Run 10—130 hr, 225 Ib; 


19 hr, 320 lb; 186 hr, 415 Ib. 


the decrease of film on the tappet centers between 24 and 
130 hr of running at the same spring load. This indicated 
that the maximum film on the wearing surtace was attained 
early. ‘When scuffing occurs, it does so most frequently 
early in a run. Therefore, rapid formation of the antiscuff 
film is important. 

The contact pressures between the surfaces and the 
amount of film on the surface decreased as wear-in pro- 
gressed. This indicated a relationship between equilibrium 
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Fic. 10. Effect of load and time on sulfur film, phosphated tappets. 

Run 8 —130 hr, 225 Ib. Run 6-—130 hr, 225 Ib; 19 hr, 320 Ib. 

104 hr, 415 Ib; 48 hr, 225 lb. Run 10—130 hr, 225 Ib; 19 hr, 320 Ib; 
186 hr, 415 Ib. 


and contact pressure. Further evidence of this was the 
increase of sulfur film with spring load observed in the 
24hr runs at 225, 310 and 400 lb spring loads. It was 
noted also that the amount of tappet center film was 
intermediate between that found on the cam flats (with 
low contact pressures) and the film on the cam nose (with 
high contact pressures). This again supported the contact 
pressure versus amount of film relationship, since the tappet 
center alternated between low and high pressures as it 
contacted the cam flat and the cam nose. 
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Fic. 11. Sulfur film as function of Hertz stress on cam flat. Open 
circles —operated against phosphated tappets. Solid circles— 
operated against untreated tappets. 
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One logical explanation of this relationship is that the 
frictional surface temperature of the rubbing parts increased 
with contact pressure. Since the additive reactivity has 
been shown to be related to temperature, increased pressure 
should enhance film formation. It is possible also that 
residual stresses were built up in the high contact pressure 
areas of the metals. One very important result of the in- 
creased internal energy of the resultant cold-worked metal 
would be a significant increase of the metal’s chemical 
activity. The stressed metal would be more reactive 
toward the sulfur in the additive. The importance of such 
effects is being investigated. 

In general, this work appeared to support the contact 
pressure-film amount relationship found by earlier 
workers. Borsoff and Wagner (4), based on results obtained 
with gears run in a mineral oil compounded with dibenzyl 
sulfide containing S*5, have shown that the EP film thick- 
ness increased with load. Semiquantitative autoradiographic 
data of Furey (3), who used an oil containing zinc dialkyl 
dithiophosphate tagged with P%2, showed that areas of high 
activity coincided with localized high-pressure areas. Ex- 
periments with a circular cam, rather than a lobed one, 
and which would cover a larger spring load range than 
used in the cam flat studies should show the validity limits 
of this relationship. At present, it appears that the relation- 
ship should be most accurate for short runs, i.e. before 
extensive changes have taken place in the metal surfaces 
and in the additive. 


REFERENCES 


1. Logser, E. H., Wiquist, R. C., and Twiss, S. B., ““Cam and 
Tappet Lubrication—III. ‘Radioactive Study of Phosphorus 
in the EP Film,’’ ASLE Trans, v. 1, n. 2, 1958, pp. 329-335. 

2. Logser, E. H., Wiquist, R. C., and Twiss, S. B., “Cam and 
Tappet Lubrication—IV. “Radioactive Study of Sulfur in the 
EP Film,’’ Presented at ASLE Meeting, Buffalo, April 1959. 

3. Furey, M. J., ‘Film Formation by an Antiwear Additive in an 
Automotive Engine,’’ ASLE Trans. v. 2, n. 1, 1959. 

4. Borsorr, V. N., and Wacner, C. D., “Studies on Formation 
and Behavior of an Extreme-Pressure Film,’’ Lubrication 
Engng, v. 13, n. 2, 1957, pp. 91-99. 

5. Logser, E. H., Teacut, D. M., Wittson, P. J. and Twiss, 
S. B., “Cam and Tappet Test for Lubricants—I. Anti-Scuff 
Evaluation,’’ Lubrication Engng., v. 13, n. 4, 1957, pp. 191-196. 


6. Radiography in Modern Industry (2nd Ed.), Eastman Kodak 
Company, X-ray Division, Rochester, New York, 1957, p. 101. 

7. TurxisH, M. C., Valve Gear Design (1st Ed.), Eaton Manu- 
facturing Company, Detroit, Michigan, 1946, pp. 100-109. 


APPENDIX 
Autoradiographic procedures 


The tappet autoradiographs were made by placing the 
tappets face down on a sheet of Type K or KK X-ray film. 
The film was backed by a paper on a flat aluminum plate. 
Another aluminum plate with tappet clearance holes pre- 
vented the tappets from moving during the exposure. The 
cam autoradiographs were made by wrapping a strip of 
film around the cam, backing this with paper and holding 
this in place with rubber bands. After exposure, the film 
was developed, washed in hypo, rinsed and dried. 

The time during which the film was exposed to the 
radioactive parts, ranged from 1 week to over 1 month. 
Since the sulfur-35 was constantly decaying, the length of 
exposure of each of the four sets of autoradiographs was 
selected so that approximately the same optical density 
would result on the film for equivalent quantities of 
sulfur-35 in the additive film on the cam or tappet surfaces. 
The length of exposure of the first set was found by trial. 
In determining the length of exposure of the subsequent 
sets, the exposure time was selected so that if a radioactive 
standard sulfur source had been exposed during each set, 
the total number of beta particles exposing each film would 
be the same. The assumption made here was that the 
optical density varied as the product of intensity and time. 
The subsequent determination of the calibration factors 
verified this assumption. 

Even though the film exposure was controlled, the result- 
ing density was dependent on the emulsion, the developer, 
and processing conditions such as time and temperature. 
These conditions could not be controlled exactly. This 
resulted in a unique calibration factor for each set of auto- 
radiographs. However, the films in each autoradiographic 
set were assumed to have been developed under duplicate 
conditions. 





Evaluation of Long-Chain Phosphorus Compounds as Lubricity Additives 


By LOUISE F. PEALE}, JOSEPH MESSINA2, BERNARD ACKERMAN, RICHARD SASIN4 
and DANIEL SWERN®5 


Two and 5%, blends of a series of new long chain phosphates and phosphonates were examined 
for suitability as lubricity additives in bis(2-ethylhexyl) sebacate and mineral oil. The most 
effective anti-wear agents were diethyl stearoxyethyl-, dibutyl lauroxyethyl- and di (2-ethyl- 
hexyl) lauroxyethylphosphonate and dibutyl lauroxypropyl phosphate, the most promising 
extreme pressure agents were di(2-ethylhexyl) lauroxyethyl phosphonate, diethyl oleoxyethyl, 
diethyl oleoxybutyl, and dibutyl lauroxypropyl phosphates. Coefficient of friction measure- 
ments using steel on steel varied from that of the base fluid to 0.04. The latter was obtained 
with dibutyl lauroxypropyl, diethyl oleoxyethyl, and diethyl oleoxybutyl phosphates. 

The lubricity properties of the long chain phosphorus additives compare favorably with the 
values determined on presently used hypoid gear oils. 

The phosphorus derivatives also improved the oxidation stability of the diester but there 


appeared to be no improvement in rust prevention in either the sebacate or mineral oil. 


Introduction 


EXTREME pressure and anti-wear additives are used in 
lubricants industrially to prevent galling, scoring and seizure, 
and to reduce or minimize wear. Compounds containing 
elements such as sulfur, chlorine or phosphorus have been 
used as anti-wear and extreme pressure agents for many 
years. A survey of the patent literature (1-3) disclosed that 
phosphorus compounds rank high in their use as lubricity 
additives. For example, triphenyl, tritolyl, oleyl lauryl 
phosphates and a mixture of mono and dilauryl phosphates 
have been used in truck crankcase and gear lubricants, 
alkyl and aryl esters of phosphoric acid in lubricants for 
cadmium-silver bearing metals, alkyl and aryl esters of 
phosphoric acid in sulfurized mineral oils as lubricants for 
metal fabrications, and esters of phosphoric acid made 
from oxo alcohols have been used as extreme pressure 
agents. 

Work in recent years at the Eastern Regional Research 
Laboratory, Department of Agriculture, Phila., Pa., has 
been directed toward preparation of new phosphorus 
derivatives of fatty acids of various types (4-6). Consider- 
ation of the structures of these new compounds together 
with the fact that the fatty acid starting materials are 
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abundantly available, made it appear desirable to investigate 
them for possible use as lubricity additives. Evaluations 
were conducted at the Research and Development Group, 
Frankford Arsenal, Philadelphia, Pa. primarily on the 
dialkyl acyloxyalkyl phosphates (Fig. 1) and dialkyl acyloxy- 
alkyl phosphonates (Fig. 2). 
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Fic. 1. Dialkyl acyloxyalkyl phosphate: 
n=100r16, m=2to4, R= ethyl or butyl. 
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Fic. 2. Dialkyl acyloxyalkyl phosphonate: 
n=10o0r16, R = ethyl, butyl or 2-ethylhexy]l. 


The results obtained on the new additives were compared 
with commercially-available phosphorus additives and 
currently used hypoid gear mineral oils containing phos- 
phorus, chlorine and sulfur additives. 


Experimental 


Preparation of Additives 


The additives were prepared by reacting trialkyl phos- 
phites with intermediates derived from saturated fatty 
acids and oleic acid or from dialkyl chlorophosphates and 
fatty alcohols. The methods of preparation and analytical 
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data of the compounds used in this study have been reported 
elsewhere (4-6) and consequently will not be repeated here. 
Suffice to say that characterization of the additives included 
a determination of percentage phosphorus and that the 
“found” and “‘calculated” values were in close agreement. 


Evaluation of Additives 


The additives were evaluated in SAE 40 and 90 mineral 
oils and in bis(2-ethylhexyl) sebacate. The latter fluid was 
included since it is typical of the dicarboxylic acid esters 
currently used as base oils in the formulation of many 
lubricants used by the military. Two and 5% blends were 
prepared and subjected to extreme pressure, anti-wear, 
coefficient of friction, rust prevention and accelerated 
oxidation studies. These evaluations were conducted with 
commonly used laboratory bench equipment such as Shell- 
4-Ball Extreme Pressure and Wear Testers, Falex Extreme 
Pressure, and a modified Bowden and Leben Coefficient of 
Friction apparatus. Oxidation stability and rust prevention 
were determined by techniques previously described (7,8). 

Anti-wear properties were determined using the Shell- 
4-Ball Wear Tester. This instrument operates under the 
four ball principle first used by Boerlage (9). Approxim- 
ately 10 ml of the test oil were placed in the test cup so 
that the three bottom stationary balls were covered to 
about a 2 ml depth. After positioning the cup on its stand 
in contact with the fourth ball, the oil was heated to 120 C, 
50 kg were placed on the weight tray, and the upper ball 
was allowed to rotate at 600 rev/min for 1 hr. The diameters 
of the circular scars worn on the three stationary balls were 
measured by means of a low-power microscope. The 
measurements both parallel and normal to the wear scars 
were averaged and expressed in millimeters of wear scar 
diameters. The differences in the individual measurements 
were within five per cent. These data are in Table 1 and 
show that many of the dialkyl acyloxyalkylphosphonates 
and phosphates appear to be effective anti-wear additives 
in both diester and mineral oils. 

The value of compound nos. 5, 9, 20 and 22 (Table 1) 
are approximately of the same low level as tricresyl phos- 
phate which is at present extensively used as an effective 
anti-wear agent in both synthetic and petroleum oils. 

Anti-wear data were also determined on several SAE 
grade hypoid gear oils presently used in motor vehicles. 
The data on di(2-ethylhexyl) lauroxyethylphosphonate and 
dibutyl lauroxypropyl phosphate in SAE 90 mineral oil 
compare favorably with the values obtained for the com- 
mercial products. 

Extreme pressure properties were determined with the 
Shell-4-Ball and the Falex Extreme Pressure Testers. 

The Shell-4-Ball Extreme Pressure machine is similar 
to the Wear Tester except that it is more rigidly built and 
designed to accommodate higher loads. This instrument 
was used to determine loads at incipient seizure and at 
welding. Incipient seizure is defined as the load at which a 
sudden sizeable increase in wear scar diameter occurs, and 
welding is the load at which motion of the upper rotating 
ball in relation to the other three is no longer possible (10). 
In these tests, wear scar diameters were measured after 
one minute at loads successively increasing in 10 kg 


increments until incipient seizure, and thereafter in 20 kg 
increments until welding. A fresh sample of approximately 
8 ml and new balls were used at each load. The machine 
was operated at 600 rev/min. 

The Falex Extreme Pressure Tester is a device in which 
a steel pin is rotated between two Vee shaped steel blocks 
positioned in the jaws of the load applying mechanism (11). 
Load is applied by engaging the load applying arm with the 
ratchet wheel. This action is similar to that of a mechanically 
operated nut cracker. With the Vee blocks in their recesses, 
the oil cup was filled to the level mark by the addition of 
55 ml of the test fluid. The filled cup was positioned on its 
holder so that the blocks and pins were covered. The load 
arms were drawn together and the load gauge assembly 
was slipped over the load arms. The ratchet wheel was 
turned by hand until 1000 lb had been applied. This was 
to make sure that the Vee blocks were set in the proper 
position. The ratchet wheel was then released and the jaw 
load gauge and the torque gauge were both set at zero. 
The eccentric arm of the ratchet wheel was engaged and 
operated until 250lb had been applied. The eccentric 
wheel was then disengaged while the machine remained 
in operation for 1 min at this load. This procedure was 
repeated at successively increased loads of 250 lb increments 
until failure. Excessive squealing or rupture of the pin was 
considered failure. 

The Shell-4-Ball and Falex extreme pressure results are 
in Table 2. An important application for extreme pressure 
agents is in the formulation of hypoid gear lubricants. A 
comparison is made with typical hypoid gear oils currently 
used which contain phosphorus, chlorine and sulfur 
additives. It is readily seen that values of the new phos- 
phorus derivatives of the fatty acids in mineral oil, such 
as phosphonate compound nos. 22, 23 and all the dialkyl 
acyloxyalkyl phosphate compounds, i.e. nos. 24 to 30 
(Table 2) compare favorably with the commercial oils 
tested. This would seem to indicate that these additives 
may be useful for hypoid gear applications. The results 
using the additives in the diester fluid are also worthy of 
note. A comparison is made with extreme pressure di and 
trialkyl acid phosphite additives, compound nos. 16, 17 
and 18 (Table 2), which are presently used as lubricity 
agents in diester lubricating oils developed for applications 
in which high unit pressures are encountered and have 
been successfully used by the Research and Development 
Group, Frankford Arsenal, in the formulation of a lubricant 
to permit operation of revolving type automatic aircraft 
weapons. The results show many of the new materials 
have values comparable to the commercial additives, 
especially compound nos. 5, 11 and 12. 

Coefficient of friction measurements were determined 
with a modified Bowden and Leben apparatus (12). This 
instrument consists of a flat sliding surface and a stationary 
upper surface in the form of a steel ball. The flat sliding 
surface is mounted on a motor-driven carrier. The ball is 
elastically restrained and is housed in an aluminium ring 
on which is mounted four strain gauges. These strain 
gauges are connected in circuit with a Sanborn recorder 
equipped with two pens. Normal load is applied by placing 
weights on the top of the aluminium ring; this results in 
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an unbalance which is picked up and measured by the 
Sanborn recorder. The frictional (tangential) force set up 
by movement of the lower plate is also measured. Coefficient 
of friction is calculated as the ratio between tangential and 
normal force. 

The WD-1020 steel plates used in the measurement of 
coefficients of friction were prepared by polishing with 
1/0, 3/0 and 5/0 emery paper, washed in boiling benzene, 
wiped with clean cotton, washed in boiling petroleum 


ether and finally flash-dried. A few drops of the test oil 
were added to the steel plate and allowed to spread over 
the entire surface. The coated panel was allowed to drain. 
The 52100 steel balls were cleaned by immersion in hot 
petroleum ether and flash-dried. The oil-coated panel was 
then positioned under the steel ball upon which a 100 g 
load had been placed and the instrument then operated 
at ambient room temperature at a speed of 0.94 in/min. 
The coefficient of friction values in Table 3 are the average 


TABLE 1 
Comparative Anti-wear Data on Additive-containing Oils* 





Shell-4-Ball 
wear scar 
diameter? 


Additive (mm) 





( none 


9—Bis(2-ethylhexyl) sebacate 


18 none 


19 diethyl lauroxyethylpnosphonate 

20 dibutyl lauroxyethylphosphonate 

21 diethyl stearoxyethylphosphonate 

22 di(2-ethylhexy!) lauroxyethylphosphonate 
23 diethyl lauroxyethyl phosphate 

24 diethyl lauroxypropyl phosphate 

25 dibutyl lauroxypropyl phosphate 

L dibutyl lauroxypropyl pnosphate (5%) 
27 diethyl oleoxyethyl phosphate 

28 diethyl oleoxybutyl phosphate 

29 diethyl oleoxybutyl phosphate (5%) 
30 trioleyl phosphate 

31 triethyl-«-phosphonolaurate 

32 tricresyl phosphate 

33 \tricresyl phosphate (5%)° 


26—SAE 40 mineral oil 


34 rnone 


35 diethyl lauroxyethylphosphonate 

36 di(2-ethylhexyl) lauroxyethylphosphonate 
< diethyl oleoxybutyl phosphate (5%) 

38 | dibutyl lauroxypropyl phosphate (5%) 
39 Lcommercial product® 





37—SAE 90 mineral oil 


40 SAE 80 mineral oil 
41 SAE 80 mineral oil 
42 SAE 140 mineral oil 
43 SAE 140 mineral oil 
44 SAE 250 mineral oil none 
45 SAE 250 mineral oil 


none 


none 





1 

2 diethyl lauroxyethylphosphonate 

3 diethyl lauroxyethylphosphonate (5%) 
4 dibutyl lauroxyethylphosphonate 

5 diethyl stearoxyethylphosphonate 

6 di(2-ethylhexyl) lauroxyethylphosphonate 
7 diethyl lauroxyethyl phosphate 

8 diethyl lauroxypropyl phosphate 
dibutyl lauroxypropyl phosphate 

10 dibutyl lauroxypropyl phosphate (5%) 
11 diethyl oleoxyethyl phosphate 

12 diethyl oleoxybutyl phosphate 

13 diethyl oleoxybutyl phosphate (5%) 
14 trioleyl phosphate 

15 triethyl-«-phosphonolaurate 

16 tricresyl phosphate® 

17 | tricresyl phosphate (5%)° 


commercial product® 
commercial product 


commercial product 


0.859 
0.751 
0.557 
0.562 
0.510 
0.546 
0.729 
0.645 
0.501 
0.587 
0.773 
0.795 
0.588 
0.586 
0.571 
0.433 
0.401 
0.734 
0.876 
0.510 
0.600 
0.563 
0.819 
0.797 
0.675 
0.602 
0.609 
0.811 
0.776 
0.923 
0.779 
0.556 
0.504 
0.637 
0.753 
0.528 
0.785 
0.557 
0.525 
0.642 
0.452 
0.564 
0.522 
0.565 
0.422 








48Unless otherwise indicated blends contain 2% additives. 
>Test conditions, 120C., 50 kg, 600 rev/min, 1 hr. 


¢Commercial additive. 


4Commercial hypoid gear oils containing phosphorus, sulfur and chlorine additives. 
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of five measurements. Variations among the five individual 
values were within 10%. The coefficient of friction values 
of the dialkyl acyloxyalkyl phosphates, especially com- 
pounds 8, 9 and 10 (Table 3) are noteworthy as is evident 
by comparison with conventional fatty acid and phosphorus 


friction values of the new compounds and phosphorus type 
lubricity additives in both diester and mineral oil base 
fluids. These data indicated that diester blends 27, 29 and 
31 and mineral oil blends 44 and 48 (Table 3) have coeffi- 
cient of friction values (0.10) of comparable level to those 


type lubricity agents (compound nos. 13 to 18). 
Comparison has also been made between coefficient of 


of effective commercial lubricity additives. 


TABLE 2 


Comparative Extreme Pressure Data on Additive-containing Oils* 





Falex 
extreme 
Extreme pressure 

seizure jaw load 
load at failure 
Additive (kg) (Ibs) 





{ none 50 1000 
diethyl lauroxyethylphosphonate 60 1500 
dibutyl lauroxyethylphosphonate 60 1750 
diethyl stearoxyethylphosphonate 60 1500 
di(2-ethylhexyl) lauroxyethylphosphonate 90 3250 
diethyl lauroxyethyl phosphate 110 2000 
diethyl lauroxyethyl phosphate (5%) 80 1750 
diethyl lauroxypropyl phosphate 80 { 1750 
dibutyl lauroxypropyl phosphate 90 1750 
10—Bis (2-ethylhexy)) sebacate dibutyl lauroxypropyl phosphate (5%) 90 1750 
11 diethyl oleoxyethyl phosphate 110 2500 
12 diethyl oleoxybutyl phosphate 130 2250 
13 diethyl oleoxybutyl phosphate (5%) 120 2250 
14 trioleyl phosphate 70 1250 
15 triethyl-«-phosphonolaurate 60 1250 
16 triisopropyl phosphite (5%)” 80 1750 
17 diisopropyl phosphite (1%)” 110 1750 
18  di(2-ethylhexyl) phosphite (1%)° 110 2250 
19 ( none 50 600 
20 diethyl] lauroxyethylphosphonate 80 1250 
21 dibutyl lauroxyethylphosphonate 100 1250 
22 diethyl stearoxyethylphosphonate 70 1500 
23 di(2-ethylhexyl) lauroxyethylphosphonate 100 1750 
24 diethyl lauroxyethyl phosphate 70 1500 
25—SAE 40 mineral oil diethyl lauroxypropyl phosphate 70 1500 
26 dibutyl lauroxypropyl phosphate 70 2000 
27 dibutyl lauroxypropyl phosphate (5%) 120 2750 
28 diethyl oleoxyethyl phosphate 80 1750 
29 diethyl oleoxybutyl phosphate 70 1500 
30 \ diethyl oleoxybutyl phosphate (5%) 110 
31 SAE 40 mineral oil trioleyl phosphate 40 
32 SAE 40 mineral oil triethyl-«-phosphonolaurate 50 
33 { none 40 
34 diethyl lauroxyethylphosphonate 100 
35 di(2-ethylhexyl) lauroxyethylphosphonate 60 
36 diethyl oleoxybutyl phosphate (5%) 110 
37—SAE 90 mineral oil dibutyl lauroxypropyl phosphate (5%) 100 
38 commercial product® 100 
39 none 50 
40 | commercial product® 100 
41 SAE 140 mineral oil none 40 
42 SAE 140 mineral oil commercial product® 100 
43 SAE 250 mineral oil none 40 
44 SAE 250 mineral oil commercial product® 100 


Coes AuUFt WN 























*Unless otherwise indicated all blends contain 2% additive. 
>Commercial additives. 
¢Commercial hypoid gear oil containing phosphorus, sulfur and chlorine additives. 
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TABLE 3 
Comparative Coefficient of Friction Data on Additive-containing Oils* 





Additive 


Coefficient 
of Friction 





38—SAE 40 mineral oil 
39 
40 
41 
42 


43 
44 
45 
46 
47—SAE 40 mineral oil 
48 
49 
50 
51 
52 
Ss 
Sa 
55 
56—SAE 90 mineral oil 
57 
58 
59 


{ none” 

diethyl lauroxyethylphosphonate 
dibutyl lauroxyethylphosphlonate 
diethyl stearoxyethylphosphonate 
di(2-ethylhexyl) lauroxyethylphosphonate 
diethyl lauroxyethyl phosphate 

diethyl lauroxypropyl phosphate 

dibutyl lauroxypropyl phosphate 

diethyl oleoxyethyl phosphate 

diethyl oleoxybutyl phosphate 

trioleyl phosphate 
triethyl-«-phosphonolaurate 

lauric acid® 

oleic acid® 

stearic acid® 

tricresyl phosphate 

mixed mono and dialkyl acid phosphate 
_ dialkyl acid phosphatep 

( none 

diethyl lauroxyethylphosphonate 

diethyl lauroxyethylphosphonate (5%) 
dibutyl lauroxyethylphosphonate 

diethyl stearoxyethylphosphonate 
di(2-ethylhexyl) lauroxyethylphosphonate 
diethyl lauroxyethyl phosphate 

diethyl lauroxypropyl phosphate 

dibutyl lauroxypropyl phosphate 
dibutyl lauroxypropyl phosphate (5%) 
diethyl oleoxyethyl phosphate 

diethyl oleoxybutyl phosphate 

diethyl oleoxybutyl phosphate (5%) 
trioleyl phosphate . 
triethy]-«-phosphonolaurate 

tricresyl phosphate (5%) 

mixed mono and dialkyl acid phosphate 





| dialkyl acid phosphite 
none 
diethyl lauroxyethylphosphonate 
dibutyl lauroxyethylphosphonate 
diethyl stearoxyethylphosphonate 
( di(2-ethylhexyl) lauroxyethylphosphonate 
di(2-ethylhexyl) lauroxyethylphosphonate 
(5%) 
diethyl lauroxyethyl phosphate 
diethyl lauroxypropy! phosphate 
dibutyl lauroxypropyl phosphate 
diethyl oleoxyethyl phosphate 
diethyl oleoxybutyl phosphate 
diethyl oleoxybutyl phosphate (5%) 
trioleyl phosphate 
triethyl-«-phosphonolaurate 


mixed mono and dialkyl acid phosphate 








tricresyl phosphate 


dialkyl acid phosphate 

none 

diethyl lauroxyethylphosphonate 
di(2-thylhexyl) lauroxyethylphosphonate 
dibutyl lauroxypropyl phosphate (5%) 
diethyl oleoxybutyl phosphate (5%) 
commercial product® 





0.45 
0.11 
0.10 
0.06 
0.09 
0.09 
0.08 
0.04 
0.04 
0.04 
0.10 
0.08 
0.10 
0.08 
0.05 
0.07 
0.06 
0.07 
0.15 
0.16 
0.13 
0.15 
0.11 
0.11 
0.15 
0.18 
0.10 
0.14 
0.09 
0.11 
0.09 
0.14 
0.13 
0.10 
0.08 
0.10 
0.13 
0.17 
0.12 
0.12 
0.12 
0.12 


0.12 
0.11 
0.14 
0.12 
0.12 
0.09 
0.12 
0.14 
0.07 
0.07 
0.07 
0.17 
0.12 
0.12 
0.11 
0.10 
0.10 





[continued 
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TABLE 3 
Comparative Coefficient of Friction Data on Additive-containing Oils*—(contd.) 
{ 





Coefficient 
Oil Additive of friction 





SAE 80 mineral oil none 0.16 
SAE 80 mineral oil commercial product® 0.12 
SAE 140 mineral oil none 0.16 
SAE 140 mineral oil commercial product® 0.10 
SAE 250 mineral oil none 0.17 
SAE 250 mineral oil commercial product® 0.10 











*Unless otherwise indicated blends contain 2% additives. 

>Bare steel ball sliding on bare steel plate. 

¢Conventional fatty acid lubricity additives. 

4Commercial phosphorus additives. 

¢Commercial hypoid gear oils containing phosphorus, sulfur and chlorine additives. 


Oxidation Inhibiting Properties oil. Tests were run at 100 C for 168 hr, during which time 

The additives were evaluated in bis(2-ethylhexyl)sebacate _ volatile acids were trapped in potassium hydroxide solution. 
and mineral oil. Two per cent blends were prepared and _ After oxidation, volatile acids as milligrams KOH per gram 
subjected to accelerated oxidation tests. Duplicate tests of oil, and change in weight of the metal strips, change in 
were run on 25 g samples of each blend. Clean, dry air, _ viscosity at 100 F, and change in neutralization number 
5 +0.5 1./hr. was bubbled through the oil in the presence of | were determined and used as criteria of stability. These 
weighed copper and steel catalysts strips immersed in the _ data are in Table 4. They indicate that the new phosphorus 


TABLE 4 
Comparative Oxidation Data on Additive-containing Oils*-» 





| 
Change | Volatile | Change in wt. Condition of 
in neut- |acids for-| Change in| of metal strips metal 
raliza- |med, Eq.) Viscosity (mg) strips 
Additive tionno.*| mg of | (cS) at | Copper Steel | Copper Steel 
KOH 100 F 





none +4.06 2.10 +0.84 | +0.81 —0.32 | It. tarn clean 
diethyl lauroxyethylphosphonate +0.08} 0.33 +0.15 | +.17 +0.06 | It. tarn clean 
di(2-ethylhexyl) lauroxyethyl +0.09| 0.46 +0.50 | +0.18 +0.10 | It. tarn clean 
phosphonate 
dibutyl lauroxypropy! phosphate +2.14| 0.16 +0.80 | +0.16 +0.01 | It. tarn clean 
Bis(2-ethylhexyl, sebacate | J diethyl oleoxybutyl phosphate +0.28| 0.22 +0.30 | +0.58 +0.02 | darkened clean 
|) trioleyl phosphate +9.70| 2.62 —0.20 | +0.15 +0.06 | clean clean 
triethyl-«-phosphonolaurate +0.90} 0.40 +0.50 | +0.02 +0.04 | It. stain clean 
oxidation inhibitor -+ diisopropyl +4.93| 0.51 +0.10 | +0.04 +0.02 | It. stain clean 
phosphite (1%)4 
oxidation inhibitor + di(2-ethyl- +4.71| 0.55 +0.10 | +0.52 +0.12 | etch stain clean 
hexyl) phosphite (1%) 
none +1.04} 0.28 +3.10 | +0.03 +0.05 | tarn stain clean 
L diethyl lauroxyethylphosphonate +1.45| 0.46 +9.60 | —0.07 -—0.05 | It. stain clean 
if di(2-ethylhexyl) lauroxyethyl- +0.98| 0.63 +9.00 | +0.31 +0.07 | etch stain clean 
phosphonate 
SAE 40 mineral oil dibutyl lauroxypropyl phosphate +0.54| 6.23 + 104.2 —0.35  —0.02 | etch stain clean 
diethyl oleoxybutyl phosphate +5.44| 3.15 +23.0 | —1.14 —0.07 | etch stain clean 
trioleyl phosphate +1.06| 0.66 +3.90 | —0.10  —0.10 | etch stain clean 
triethyl-«-phosphonolaurate +1.04/} 0.80 +6.85 | +0.03 +0.02 | tarn stain clean 
SAE 90 mineral oil none +1.12|} 0.40 +3.60 | —0.05 —0.03 | stains clean 
SAE 90 mineral oil commercial product® +0.10| 0.27 +13.50 | +0.15  -—0.03 | tarn stain clean 


























® Oxidation at 100 C for 168 hr. 

> Unless otherwise indicated blends contain 2% of additive. 

© Neutralization number as determined by ASTM Method D974-54T. 
4 Commercial additives. 

© Commercial hypoid gear oil containing oxidation inhibitor. 
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derivatives apparently are effective in retarding oxidation 
of bis(2-ethylhexyl) sebacate. Changes in neutralization 
number after oxidation of blends containing diethyl 
lauroxyethylphosphonate, di(2-ethylhexyl) lauroxyethyl- 
phosphonate, and diethyl oleoxybutyl phosphate are far 
less than those of blends containing commercially available 
extreme pressure dialkyl acid phosphites with 0.5% of an 
effective oxidation inhibitor. In mineral oil, the additives 
diethyl lauroxyethylphosphonate, di(2-ethylhexyl) laur- 
oxyethylphosphonate, trioleyl phosphate and triethyl-«- 
phosphonolaurate produce stability comparable to com- 
mercial hypoid gear oils. It should be noted that the 
oxidation data given in Table 4 are based on test blends 
in which no oxidation inhibitor was used. 

Rust-inhibiting properties were determined in a cyclic 
humidity cabinet according to the procedure described (8). 
Using two per cent solutions, it was found that the additives 
did not provide any rust protection to the sebacate diester 
or mineral oil fluids. It appears desirable, therefore, that 
rust inhibitors be added to the blends for applications in 
which there is need for protection against rust, in addition 
to extreme pressure and anti-wear properties. 


Viscometric Properties 
An evaluation was made to determine the effect of the 


additives on the viscometric properties of the mineral and 
diester oils. It was found that only a minor change occurred, 


e.g. at —65 F, viscosity of the diester was increased only 
about 5%. 
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Two Measurement Techniques used in the Evaluation of Cutting Fluids 


By J. R. MUENGER! and N. C. DERBY? 


Various criteria have been used in metal cutting operations to study the effectiveness of 
cutting fluids; for example, tool-life, wear, temperature and forces; work surface finish; 
and chip deformation. In each case a number of measurement methods may be employed. 
This paper describes two very simple means of measurement which have been found useful 
in cutting fluid research. The first is based on measurement of work surface finish in the 
direction of cut by determining the amount of pencil lead abraded by the surface under 
controlled conditions. The second is based on measurement of chip deformation by electrical 
resistance determination of chips from a known depth of cut. 


Introduction 


THE proper evaluation of a fluid’s effectiveness still con- 
stitutes a challenge to those engaged in cutting fluid 
research. No simple, broadly-accepted, and standardized 
test procedure for rating cutting fluid performance has 
emerged from the considerable research in this field. The 
available evidence indicates that the relative effectiveness 
of several fluids will depend upon the conditions of their 
use. In addition, it has generally been found difficult to 
obtain reproducible and precise metal-cutting data that 
will permit satisfactory evaluation without repeated testing. 
Under such circumstances there is a decided advantage in 
a quick, simple means of test operation and measurement 
which can assign meaningful numerical ratings to the 
operation. 

It is generally accepted that a cutting fluid functions by 
one or both of two mechanisms, extreme pressure (EP) 
lubrication of the chip-tool interface and/or gross cooling of 
the cutting area, including, most importantly, the tool. 
Conditions for EP lubrication are generally most favorable 
at relatively-low cutting speeds such as are generally used 
with high speed steel tools. At high speeds the cooling action 
is considered predominant, since there is little time for the 
fluid to reach and react with the chip-tool interface. 

The cutting fluid may alter forces between the tool and 
work; shear angle; power consumption; heat generation; 
tool-temperature, wear, and life; chip form; and surface 
finish of the work. These factors are related, in a qualitative 
sense at least, by the body of metal cutting theory and 
experience. This permits some leeway in the choice of 
criteria and measurement techniques to be used in an 
investigation. 
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Perhaps the most popular and most direct way to evaluate 
cutting fluids is to run tool-life tests. If this is to be done 
under conditions of intended use, it will likely require 
considerable expenditure of work piece material and cutting 
time. This is particularly true if the conditions of interest 
do not center upon the short economic tool life times 
characteristic of indexed tool bit inserts. Consequently, 
tool-life tests are frequently accelerated in the laboratory, 
generally by using cutting speeds considerably higher than 
would be commercially practical for the cut in question. 
This may lead to results that are not valid for the conditions 
of real interest and consequently to misinterpretation of a 
fluid’s effectiveness. 

Examination of workpiece finish and chip shortening 
ratio offer other means of avoiding excessive time and 
material expenditure in testing without, at the same time, 
departing from the test conditions of interest. With proper 
care in the selection of cutting conditions relative to 
intended service, it is possible to obtain meaningful evalu- 
ation of cutting fluid performance by either method. Two 
techniques which have been found useful are described. 


Lead Abrasion Evaluation of Work Surface 


If surface finish is to be used to evaluate cutting fluid 
performance it is desirable to retain on the workpiece the 
surface corresponding to the major dimension of the cut 
cross-section. Obviously, one does not wish to measure feed 
marks such as might be the major roughness left from a 
turning cut. Shaw and Smith (1) have avoided this difficulty 
by their so-called “analog (to a turning operation) cut” 
which has interchanged feed and depth-of-cut values. 
Similarly, pipe threading, end cutting of tubing, and form- 
ing-type cuts have been employed at the writers’ Research 
Center for surface-finish evaluations of cutting fluids. 

Figure 1 shows X12 replicas of two work surfaces gener- 
ated at low speed cutting, Fig. 2 shows photomicrograph 
cross-sections through these surfaces at X100 enlargement. 
Tool motion was upward. The highly-irregular character of 
the surface suggests that some form of integration or averag- 
ing, preferably on an area rather than linear basis, is essential 
for numerical characterization of the surface roughness. 
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Fic. 2. Enlarged work surface profiles. 


Such work surfaces can be used to cut or abrade a softer 
material which might be passed over them under controlled 
load, the amount of the softer material removed being a 
measure of the surface roughness. This is the basis of the 
so-called “lead abrasion” (pencil lead) method which has 
been used for some twenty years at the Research Center. 
It has proved to be more satisfactory for quantitative com- 
parisons than alternate means of surface characterization 
which have been investigated, such as visual comparison, 
surface analyzers and phonograph pick-ups. This method 
has been used and reported by Shaw and Smith (1), but it 
warrants further description and application. 

Being a single-valued characterization, a lead abrasion 
result obviously cannot be a full description of a very 
complex surface. This is illustrated by Fig. 3. This parti- 
cular lead abrasion curve is for a forming type cut on SAE 
1045 steel with a depth of cut of 0.011 in., using a tool with 
14° back rake and a heavy duty sulfurized oil. It can be 
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Fic. 3. Variation of lead abrasion values with cutting speed. 
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seen that there are two cutting speeds associated with each 
lead abrasion value within the range of the data. The cor- 
responding surfaces, however, will be distinctly different. 
At low speeds a segmental chip is formed and a “fish scale” 
type of surface is produced. As the speed increases the 
spacing of the surface irregularities becomes closer and 
more uniform, and the chip tends to a tightly curled form. 
When the peak is passed the irregularities decrease in size 
and the chip tends more and more to a continuous form. 

Shaw and Smith (1) further characterized surfaces by 
taking a count of asperities above a set minimum height. 
This has not been necessary for comparisons made under 
comparable cutting conditions between fluids that have 
generally similar characteristics. 

A number of substances have been evaluated to determine 
suitability as abrading materials. Drafting-quality pencil 
leads, grades HB and 2B, have been found most suitable. 
These are loaded to a set constant value in the range of 
from 1 to 3 lb by means of air pressure or dead weight. 
Neither load nor grade has been found to be critical within 
these ranges as long as chipping or breaking of the lead 
was avoided. To reduce the tendency of the lead to break, 
its overhang beyond the collet of the lead abrasion device 
has been limited to # in. or less. 

An example of a lead abrasion device is shown in Fig. 4. 
The device has a U-shaped body, the base of which is 
clamped in the tool post. One serif contains a plunger into 
which the pencil lead is locked by a screw collet. The 
other serif contains an air piston. The plunger and piston 
are separated by the spindle of a dial indicator whose body 
is securely fastened to the U.. Air, regulated to the desired 
pressure, acts against the piston to supply the desired load 
to the lead. 

The surface to be evaluated must best be freed of the 
cutting fluid. Usually it is convenient to do this with the 
work in the machine, using suitable catch pans to prevent 
contamination of the test fluid by solvents. A convenient 
gauge length is laid out on the work surface. The lead is 
engaged at the starting mark, and the dial indicator which 
measures lead consumption is zeroed. The work is ther 
moved under the lead abrasion device at a slow steady 
speed in the same direction as the cut. A value of about 
1 ft/min has been satisfactory. Upon reaching the mark 








aE MS 


“7 


t 
t 
3 
) 
d 
y 
t 
c 













































Fic. 4. Lead abrasion apparatus in use. 






defining the end of the arc to be measured, the direction 
of motion is reversed and the initial mark is brought back 
under the lead. This compensates for differences of indic- 
ator reading due to feed. The indicator is read; the result 
divided by the gauge length is stated as specific lead abrasion. 

Another example of a lead abrasion apparatus is shown 
in Fig. 5; this was devised for evaluating 2 in. pipe threads. 
The section of pipe thread to be measured is screwed 





Fic. 5. Lead abrasion apparatus for pipe thread measurement. 
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through the ring for the desired travel and then back to 
the starting point, Three grooved rollers identified as B 
in the figure advance the thread; a grooved brass slider D 
locates the lead E in the Vee of the thread. The pencil 
lead is sharpened to a 60° cone before each measurement. 

The repeatability of lead abrasion measurements is rather 
difficult to assess apart from the combined repeatability 
of the cutting and measuring operation. When successive 
passes are made over the same gauge length of a cut surface, 
the lead abrasion values will decrease in a fairly orderly 
fashion despite careful washing of the surface between 
passes. This is shown for four supposedly-identical 
threading cuts in Fig. 6. The decrease in reading with 





N“ 
4 
% 


o 


LEAD ABRASION, in. 








re 2 3 4 
NUMBER OF PASS 





ae 


Fic. 6. Effect of repeated passes upon lead abrasion values. 


passes is not surprising, because it is quite probable that 
some of the sharp asperities of the work surface are blunted, 
and it is quite probable that not all of the pencil lead is 
removed in the washing process. Among the twenty 
readings taken, only two were higher than their previous 
value. These data strongly infer that most of the variability 
lies in the cutting and not in the abrasion reading. This has 
been confirmed by similar repeat measurements on several 
types of cuts which were of interest for test purposes. 

Because of the large total variability in readings for a 
specific set of conditions by this method, and because of 
the relatively-fine discrimination needed in fluid formulation 
studies, a large number of individual readings are taken 
and averaged tor each fluid evaluation. For example, in 
one procedure twenty fins of a work piece similar to that 
shown in Fig. 4 were surfaced under the same cutting 
conditions for each evaluation. These fins were spaced 
along the length of the billet to provide a representative 
sampling of the material. Six lead-abrasion readings were 
taken on each surface, giving 120 readings per evaluation. 
Results indicated that a difference of 0.35 x 10-% specific 
lead abrasion between two evaluations would be significant 
at the 95%, confidence level. Figure 7 further illustrates the 
repeatability of the procedure when comparisons are made 
upon a single workpiece. Oil B, giving the lower lead 
abrasion, is rated superior in this operation. In the case of 
Fig. 3, each data point represents one fin evaluated by six 
1 in. lead abrasion traverses. 
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EVALUATION SEQUENCE 


Fic. 7. Repeat evaluation of two heavy-duty cutting oils. 


Chip Resistance Measurement 


A second technique that has been found useful in the 
evaluation of cutting fluids is comparison of chip shortening 
by means of electrical resistance measurements. This 
measurement technique is applicable to a turning type 
operation where lead abrasion is not well suited. 

Merchant (2) in his analysis of orthogonal cutting has 
shown that the chip shortening ratio (length of chip 
divided by tool travel in producing the chip) is an important 
characterization factor of the cutting process, being related 
to the forces between the chip and tool and being a direct 
measure of the work done in shearing the metal. The latter 
relationship may be shown to be 





Ss 1 
W, = (- -2sina—r} [1] 
cos « \%¢ 

where Ws is the work done in shearing the metal per unit 
volume of metal removed, S, is the mean shear strength 
of the metal, « is the rake angle of the tool, and r¢ is the 
chip shortening or cutting ratio. For any given cut « is 
fixed and known and S; is assumed to be solely a function 
of the material. Thus the measurement of r, will allow 
direct ranking of the efficiency of cutting fluids. The larger 
value of re the smaller the shear work will be, re always 
being less than unity. Measurements of chip shortening 
have been used by a number of investigators in cutting 
fluid and general machining studies. 

The chip shortening ratio is also equal to the ratio of 
cut to chip thickness. In a turning cut this is the ratio of 
feed to chip thickness. This appears to offer an easy way 
of making the measurement since it avoids the necessity 
of knowing the length of tool travel associated with the 
chip. However, our experience has indicated that it is 
generally difficult to obtain satisfactory chip thickness 
measurements because of irregularities in the chip surfaces. 

If chip shortening is to be based upon length measure- 
ments, it is necessary to have an accurate means of establish- 
ing both the length of the cut and the final length for each 
chip measured. In planing or milling cuts the geometry of 
the cut may automatically establish the cut length for each 
chip. In our case of fairly high-speed turning, deliberate 
means had to be employed. A narrow axial slot was cut on 


the cylindrical surface of the billet, its depth being half 
the depth of the turning cut. This produced a crack in the 
resultant chip which could readily be found and which 
allowed accurate breaking of the chip into segments, each 
corresponding to one revolution ot the work. For the dia- 
meter of the billet used, the length of cut was about 2 ft 
per chip. Very short gauge lengths of 1 or 2 in. which were 
originally tried, allowed too great a percentage error in 
breaking the chips and reading their length. 

With chips of considerable length from a turning cut 
there will be curvature in two planes. This does not make 
length measurement easy. A measuring device was built 
on the odometer principle and was usable with care and 
patience. However, for our purposes a large number of 
readings are required to establish significant differences 
between discretely different fluid formulations, and the 
odometer rig was not practical. 

It was decided to investigate the possibility of ranking 
chip length by means of electrical resistance measurements. 
If the specific resistivity of the chip material and the width 
of the chips remain constant, their electrical resistances 
will be inversely proportional to their lengths squared. For 
normal ratios of feed and depth of cut, chip width is known 
to be constant. It remained to be seen whether chip 
specific resistivity would be sufficiently constant to use this 
method. 

Clamps were made to serve as binding posts for a stan- 
dard laboratory Wheatstone bridge instrument. These were 
made of brass with an end stop for positioning the chip 
and cylindrical contact surfaces parallel to the chip end. 
Chips to be measured were rinsed in solvent, dried and 
the ends etched with an oxalic acid solution to insure good 
contact. 

A number of chips were measured by the odometer and 
the Wheatstone bridge. Several cutting fluids were used in 
this investigation, including two water-base fluids, carbon 
tetrachloride, and three oil-base fluids. Figure 8 gives the 
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Fic. 8. Correlation of chip resistance and length. 


results and shows no consistent deviation for any of the 
fluids from the relationship predicted on the basis of con- 
stant resistivity. The scatter of the data is typical of that 
experienced with individual measurements in this type of 
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work. It was concluded that the specific resistivity and 
continuity of the chips remained sufficiently constant to 
allow the use of the resistivity method to evaluate differ- 
ences in fluid action. 

This measurement technique requires a continuous chip 
of manageable curvature. Chip breaker action must be 
avoided. This places certain restrictions upon the cutting 
conditions which may be employed. However, the method 
has been found useful over a speed range of from 100 to 
350 ft/min using light feeds of 0.002 to 0.006 in/rev and 
a depth of cut of 0.015 in. It has been found possible to 
make useful fluid comparisons within this range. 

As in the case of the lead abrasion technique a large 
number of values is required for reliable evaluation. In 
our practice this has been done by taking ten chips from 
each of three cuts per tool for three tools, giving a total of 
ninety readings per evaluation. Each tool is “conditioned” 
by a short cut before test cuts are made. In order to sim- 
plify the chip handling each test cut is short and consists of 
fifteen revolutions of the work. When long duration cuts 
are made there is considerable difficulty in disposing of 
the chips without influencing the formation of those which 
it is desired to measure. The cut is stopped by declutching 
the drive, which makes it possible to retrieve the chips in 
known sequence. The last incomplete chip which is attached 
to the work is discarded, the next ten saved and measured, 
and the first five discarded. In these short duration cuts the 
process has not reached equilibrium, and it is essential 
that the cut and chip retrieval be handled in a reproducible 
manner. Figure 9 shows the influence of chip sequence on 
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Fic. 9. Chip resistance vs. chip number. 


the resistance reading. The chip number is according to 
time sequence; chip 10 being the last full chip in a cut. 
Nine cuts for each fluid were made, the values plotted for 
individual chip numbers being the average number of the 
resistance readings for nine chips of that position. It is 
assumed that the regular decrease in value with position is 
a temperature phenomenon. 

A program using three oil-base fluids was run to deter- 
mine the discrimination possible by this method under 
standard cutting conditions. Results are shown in Table 1. 


TABLE 1 


Number of Cuts Required for Establishing Significant Chip 
Resistance Differences in Close Sequence Tests 











Difference between cutting Number of cuts for 
level of 
oils to be compared (mQ) confidence level o 
99.5% 95% 90% 
1 22 15 11 
2 11 8 6 
3 8 ; ' 
4 6 : > 
5 5 3 3 
10 3 2 , 














With the customary procedure of running nine cuts, 
differences of 3 mQ in chip resistance are seen to be highly 
significant. The analysis also confirmed the importance of 
making comparative measurements in close sequence, 
possibly due to variation in work piece properties. Later 
experience has shown that the precision is considerably 
poorer with water-base fluid evaluation when using the 
same cutting conditions employed for the cutting oil 
evaluation work. This is partly due, at least, to difficulty 
with chip control. 

Typical results are shown in Fig. 10 for several types of 
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Fic. 10. Evaluation of several cutting fluids by chip resistance. 


CUTTING OILS 


fluids. As has been mentioned previously, interpretation 
of results of cutting fluid tests requires a certain amount 
of judgment and experience, for rankings can be changed 
by changing cutting conditions. This is true whether the 
results are read out of the test in terms of chip resistance, 
lead abrasion, or some other parameter. In particular, 
comparisons are not drawn between the lubricating abilities 
of the water-base fluids with respect to the oil base fluids 
because of the significantly-different thermal properties of 
the two types of materials. Within each class, however, 
differences are shown which appear to be highly significant. 
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Conclusion 


Surface-finish and chip-shortening measurements have 
been found useful for evaluating experimental cutting 
fluids in the laboratory. These parameters of the cutting 
process are related to others such as cutting forces and tool- 
life, and when conditions are properly chosen, it is possible 
to predict service performance from such data. The lead- 
abrasion method of work surface evaluation and the elect- 
rical resistance technique for measuring chip shortening 


are quick, convenient and reliable. Neither is applicable 
for all kinds of cuts, but together they have a wide range of 
usefulness. 
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A Comparison of Lubricants and Coatings for Cold Extruding Titanium 


By ALVIN M. SABROFF! and PAUL D. FROST? 


Investigations were conducted on a number of surface coatings and lubricants, both experi- 
mental and commercial, as part of an overall process development program on cold extrusion 
of solid and hollow titanium shapes. Materials were evaluated on the basis of surface finish 
and extrusion pressure in cold forward extrusion of unalloyed titanium billets 14 in. in 
diameter to solid round bars 0.95 in. in diameter (60%, reduction). 

A fluoride-phosphate chemical conversion coating proved to be most desirable from the 
standpoint of adherence, ease of application and cost. The effectiveness of the coating in 
reducing extrusion pressure and producing a good surface finish was dependent on the 
lubricant used. 

Various types and combinations of lubricants, including graphite, molybdenum disulfide, 
boron nitride, wax, soaps, polyalkylene glycol, and sulfochlorinated mineral oil were used 
in conjunction with the coating. The solid films, wax and soaps were both alone and suspended in 
several resin carriers. Of the various classes of materials, the solid-film lubricants produced 
the best surface finishes on the extruded bars. From the standpoint of producing the best 
surface finish at the lowest extrusion pressure, the most effective lubricants were self-drying 
gum resin mixtures containing (a) 10% graphite and (b) 5% graphite+5% MoS. With 
the combination of the fluoride-phosphate coating and these lubricants, hollow shapes of 
unalloyed titanium with surface finishes of from 30 to 60 yin. were cold extruded at working 








pressures comparable with those for cold extruding similar steel shapes. 


Introduction 

CoLp extrusion of metals has become a well-established 
and important manufacturing process. The principal 
application of the process was formerly in the production 
of ordnance items, such as mortar and artillery shells, and 
cartridge cases. Since the war, an ever-increasing number 
of parts and shapes, from the familiar collapsible tube to 
complex aircraft parts, are being produced in aluminium 
and its alloys by this method. More recently the process 
has gained considerable attention from the automotive 
industry for the production of small steel parts, such as 
wrist pins, hydraulic cylinders and valve plungers, and 
electrical switch housings. 

The ability to form parts from titanium in a few simple 
operations with small machining losses, as is characteristic 
of cold extrusion, would be of particular advantage in view 
of the high cost of titanium mill products. However, the 
cold-extrusion process had never been applied to titanium 
in commercial practice. This was true probably because of 
a lack of a suitable surface coating, which is a major 
requirement for successful cold extrusion. 

In research at Battelle on surface coatings for titanium 
to prevent galling and seizing, a surface treatment was 
developed that produced excellent results in wire and tube 
drawing, and reciprocating and rotary wear tests (1). The 
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treatment, which consists of immersion in a fluoride- 
phosphate bath at room temperature, produces an adherent 
continuous coating on titanium that serves as a lubricant 
retainer. Thus, it appeared that one of the major barriers 
to cold extrusion of titanium could be overcome. 

In 1954, a research program was undertaken at Battelle 
for Wright Air Development Center (2) to determine the 
feasibility of fabricating titanium by this method. Utilizing 
the fluoride-phosphate coating with a conventional graphite— 
MoS,-oil lubricant, solid round bars of Grades AMS 4900 
and AMS 4921 unalloyed titanium were successfully forward 
extruded with reductions as high as 60%. Smooth surface 
finishes were obtained on the extruded bars, and practically 
no galling was observed on the dies—a rare occurrence at 
that time in severe metal-working operations on titanium. 
Extrusion pressures were comparable with those required 
in cold extruding mild steels with the same reductions. 

Considerable work hardening was introduced by cold 
extrusion. The ultimate strength of Grade AMS 4900 
titanium was increased trom a base value of 60,000 lb/in? 
to values in the range 85,000 to 100,000 Ib/in®. Similarly, 
the strength of Grade AMS 4921 titanium increased from 
80,000 lb/in? to values in the range 110,000 to 120,000 
lb/in?. Thus, it was demonstrated that the cold extrusion 
process offered a means whereby unalloyed titanium could 
be shaped, without machining, and simultaneously strength- 
ened to make it suitable for applications in which it might 
not otherwise be usable. 

In view of the potential usefulness of the process for 
economical fabrication of titanium parts, the research was 
continued by the Manufacturing Methods Branch, AMC 
Aeronautical Systems Center (3). The objective of this 


61 














62 ALvin M. SABROFF AND Pau. D. Frost 


program was to develop improved methods that could form 
the basis for application of the cold extrusion process to 
fabrication of titanium parts used by engine and aircraft 
manufacturers. Foremost in achieving this objective was 
the development of lubrication methods to eliminate 
completely galling between the workpiece and tools in order 
to minimize the working pressures and produce a smooth 
surface finish (30-60 pin.) on the extruded part. 

This paper presents the results of an investigation 
conducted as part of this program on a number of surface 
coatings and lubricants to evaluate their usefulness for 
this application. 


Experimental Procedures 


The performance of lubricating materials was evaluated 
in forward extrusion of solid round bars. Test conditions, 
held constant throughout the studies, were: 

Billet size: 1.480 in. in diameter x 2 in. long. 

Extrusion reduction: 60%. 

Extruded bar size: 0.95 in. in diameter. 

Extrusion speed: 80 in./min. 
The billet material was Grade AMS 4900 unalloyed titanium 
which had a yield strength of 55,000 lb/in? and a tensile 
strength of 72,000 Ib/in?. 


Surface Coatings 


Three experimental coatings, developed specifically tor 
titanium, were selected as the most likely to be of use for 
cold extrusion: 

(1) The fluoride-phosphate immersion coating. 

(2) An oxidized fluoride-phosphate coating. 

(3) An anodic coating. 
The fluoride-phosphate coating is a chemical conversion 
type produced by immersion at room temperature in a bath 
of the following composition: 


NagPO, - 12H20 50 g. 
KF - 2H20 20 g. 
HF (50 wt. %) 23-26 ml. 
Tap water 1000 ml. 


Billets were coated in this bath by the following procedure: 

(1) Degrease in acetone. 

(2) Rinse in cold water. 

(3) Pickle in 70% HNOs3-10% HF acid solution. 

(4) Rinse in cold water. 

(5) Immerse in fluoride-phosphate bath for from 2 to 

3 min. 

(6) Rinse in cold water and dry. 

Under these conditions, a dark gray, uniformly-thin but 
adherent coating was applied to the billet surface. 

The oxidized fluoride coating is produced by heating 
fluoride-coated titanium in air at temperatures of 800 F or 
higher. This treatment produces a layer of TiO2 at the 
coating-base metal interface that effectively increases the 
coating thickness. The coating apparently increases the 
oxidation rate of titanium over that of untreated metal. 
Billets with this coating were prepared by heating for 2 hr 
at 800 F in a circulating air furnace. 

The experimental anodic coating was applied by immer- 
sing the billet as the anode in a 5% NaOH bath at 210 F. 





The bath was operated at a current density of 50 A/ft? of 
billet surface area. The voltage varied from 6 to 40 v, 
progressively increasing as the thickness of the coating 
increased. Approximate coating time per billet was 20 min. 
This treatment produced a dull, adherent oxide film on the 
billet surface. 

All of the coatings can be readily removed by a light acid 
pickle. The method of cleaning the surface after extrusion, 
however, depends on the type of lubricant used over the 
coating. 


Lubricants 


Studies were made on a number of commercial and ex- 
perimental lubricants, in conjunction with the coatings, to 
determine their effectiveness in reducing the extrusion 
pressure and producing a good surface finish. The types of 
lubricants given principal consideration were: 

(1) Solid-film additives (graphite, molybdenum disul- 

fide and boron nitride). 

(2) Waxes. 

(3) Soaps. 
These three types of lubricants were used both alone and 
in combination with one or more of the following carriers: 
(a) a semihydrogenated gum resin, (b) a thermoplastic 
resin, (c) an alkyd resin, and (d) an epoxy resin. Two forms 
of the gum resin were used: self-drying and non-drying. 
The non-drying form produced a tacky film on the billet, 
to which dry lubricants would adhere. All of the other 
resin carriers were self-drying. In addition, a sulfochlorin- 
ated mineral oil and a polyalkalene glycol fluid were studied. 


Cold Extrusion Tools 


The experimental cold-extrusion studies were conducted 
on a 700-ton hydraulic press at the writers’ metal-working 
laboratory. The press, similar to those used in commercial 
cold-extrusion operations, is equipped with a die cushion 
that has a 100-ton stripping capacity. A view of the equip- 
ment during operation is shown in Fig. 1. 





Fic. 1. Experimental cold extrusion of unalloyed titanium on a 
700-ton press. 
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Fic. 2. Assembly drawing of the equipment for forward extrusion of solid round bars. 
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Fic. 3. Die design for cold forward extrusion of solid round bars. 


A schematic drawing of the complete tool assembly for 
forward extrusion of solid bars is shown in Fig. 2. The 
die design embodies a 120° conical entry with a 7g in. 
bearing radius and a taper back relief, as shown in Fig. 3. 
Dies were made of an AISI Type A2 tool steel (1C-5Cr- 
1Mo type) hardened to 60-62 Rc, and had polished surfaces. 


Method of Evaluation 


The criteria for evaluating the performance of a given 
combination of coating and lubricant were surface finish 
and extrusion pressure. At least two extrusions were made 
to study the performance of each material. After each 
experiment, the punch, die and container were cleaned and 
polished with 600-grit abrasive paper. 

Surface finish was measured with a profilometer in root- 
mean-square microinches. Readings were made circum- 
ferentially at three locations along the length of the extruded 
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bars. Surface measurements were made both in the as- 
extruded condition and after removal of the lubricant. The 
latter values were used as the basis for comparison, since 
the lubricant often masked small surface irregularities. 
Surface quality was rated according to the following classi- 
fications: 


Class A, very smooth finish, 30-60 jin. 
Class B, smooth finish, 60-100 yin. 
Class C, very light scoring. 

Class D, galled. 


The only surface considered to be acceptable was a Class 
A finish. 


Cleaning of the extruded bars was done by several 
methods, depending on the type of lubricant. Bars extruded 
with lubricant mixtures containing either solid-film 
additives or resins, which cannot be removed satisfactorily 
by pickling alone, were cleaned by a low-pressure vapor 
blast followed by a 30sec dip in a 35% HNO3-5% HF 
acid bath. The bars extruded with wax and soap lubricants 
were cleaned satisfactorily by either vapor blasting or 
washing in a detergent, followed by an acid dip. Removal 
of the lubricant mixtures containing resins can be accom- 
plished by scrubbing in a methyl ketone solvent followed 
by an acid dip. This method is cumbersome and not as 
effective as vapor blasting, particularly if the lubricant 
contains graphite. 


Performance of coatings and lubricants 


In the initial screening studies, billets were extruded 
with each of the three coatings in combination with each of 
the following lubricants: 

(1) Self-drying gum resin+5% flake graphite + 5MoSp. 

(2) A commercial self-drying paste wax. 

(3) A commercial sodium soap solution (titer 58-60 C). 
The result of these trials are presented in Table 1. 


TABLE 1 


Data for Extrusion of Grade AMS 4900 Titanium with 
Experimental Surface Coatings and Solid-film, Wax and 
Soap Lubricants 





Extrusion Surface 


| 
Surface coating Lubricant® pressure (Ib/in?) | finish> 





Fluoride Solid film 
Wax 
Soap 
Solid film 
Wax 
Soap 
Solid film 
Wax 
Soap 


175,000 
155,000 
162,000 
177,000 
154,000 
174,000 
175,000 
159,000 
184,000 


Oxidized Fluoride 


Anodic 


BOQNBOroONe 














@ Solid film: Self-drying gum resin+5% graphite+5% MoSs. 
Wax: commercial self-drying paste wax. 
Soap: commercial sodium soap solution (titer 58-60 C). 

® Surface finish: A, 30-60 pin.; B, 60-100 yin.; C, light scoring, 
D, galled. 


Class A surface finishes were obtained only with fluoride 
and oxidized-fluoride coatings in combination with the 
solid film-gum resin lubricant. The typical surfaces attain- 
able under these conditions are shown in Fig. 4. Except 


Fic. 4. Typica surface finish of Grade AMS 4900 titanium bars 
extruded with fluoride and oxidized fluoride coatings in combin- 
ation with a 5%, graphite-5% MoSe-gum resin lubricant. 


for these two instances, no one coating, per se, gave signific- 
antly superior performance over the others. Rather, the 
effectiveness of a given coating in reducing the extrusion 
pressure and producing a good surface finish was dependent 
on the type of lubricant used. Generally, the gum resin— 
solid film lubricant produced the best surface finish, but 
required the highest extrusion pressure. On the other hand, 
the wax generally required the lowest pressure but produced 
the poorest surface finish. The performance of the soap 
was intermediate between these two conditions. The 
variation in surface finish of the extruded bars produced 
in these studies is shown in Fig. 5. 

In view of the marked effect of the type of lubricant on 
the pertormance of the coatings, the studies in this phase 
of the research were continued to determine which types 
and combinations of lubricants were most effective for 
cold extruding titanium. The types of lubricants studied, 
in addition to solid films, waxes and soaps, included a 
sultochlorinated mineral oil and a polyalkylene glycol 
lubricating fluid. Major emphasis in these studies, however, 
was directed toward solid-film mixtures to determine the 
effect of (a) the type of solid-film additive, (b) the total 
solids content, and (c) the type of carrier. 

The fluoride-phosphate coating was selected for these 
studies since neither the oxidized-fluoride nor anodic 
coatings offered better performance. Furthermore, it is 
simpler and less costly to apply, and, thus, would be the 
most desirable from a commercial standpoint. 

Data for the extrusion trials on the various lubricants 
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Fluoride Coating 


Oxidized Fluoride Coating N42916 


Anodic Coating 


Lubricant: Graphite Wax 
+ MoSe + gum resin 


Fic. 5. Surface finishes attained on bars of Grade AMS 4900 
titanium extruded with various combinations of surface coatings 
and lubricants. (Surfaces cleaned by low-pressure vapour blasting.) 


Soap N42918 


in combination with the fluoride coating on Grade AMS 
4900 titanium are presented in Table 2. The studies on 
Lubricants 2 through 15, which contained varying amounts 
of graphite, molybdenum disulfide, and boron nitride in 
the self-drying gum resin, showed that both the type and 
amount of solid-film additive have a rather marked effect 
on extrusion pressure and surface quality. The data for 
these lubricants are shown graphically in Fig. 6. It can be 
seen from this graph that the most effective lubricant was 
graphite, followed in order by molybdenum disulfide, and 
boron nitride. Increasing the amount of graphite from 5 
to 20% reduced the extrusion pressure from 179,000 to 
159,000 Ib/in?. Increasing the amount of either molybdenum 
disulfide or boron nitride from 5 to 10% had little effect. 
Increasing the solids content of the 5°, MoSe and 5% BN 
mixtures by the addition of 5° graphite, on the other hand, 
resulted in a marked reduction in pressure. However, 
neither of these mixtures showed any improvement over 
the 5% graphite lubricant. 

Surface finish was affected by the type and amount of 
solid film in a somewhat different manner, All of the 
mixtures having a total solids content of 5%, with the 
exception of Lubricant 9 (5% BN) and Lubricant 12 (2.5% 
graphite-2.5%% BN), gave Class A surface finishes (30-60 
pin.) Of the mixtures containing 10% total solids, only 
Lubricant 4 (10% graphite) and Lubricant 2 (5% graphite— 
5% MoSg) produced Class A finishes. While lower pressures 
were required with the mixtures containing 15 and 20% 
graphite, these gave slightly poorer surfaces (Class B: 
60-100 pin.). The best combinations of extrusion pressure 
and surface finish were attained with Lubricants 2 and 4. 


TABLE 2 
Data for Extrusion of Grade AMS 4900 Titanium with 
Various Lubricants in Combination with the Fluoride- 
Phosphate Coating 





Maximum 
extrusion | Surface 
pressure, | finish? 

1000 Ib/in? 


Lubricant* 





No. Description 





Solid Films 

Self-drying gum-resin carrier 

5% flake graphite 

10% flake graphite 

15% flake graphite 

20% flake graphite 

5% MoSe2 

10% MoS2 

5% BN 

10% BN 

2.5% flake graphite—2.5% MoSe 

5% flake graphite-5% MoSe 

2.5 flake graphite—2.5% BN 

5% flake graphite-5% BN 

2.5% MoS2-2.5% BN 

5% MoS2-5% BN 

carriers 

10% flake graphite in thermoplastic | 
resin 

10% colloidal graphite in epoxy resin | 

10% colloidal graphite in alkyd resin | 








10% flake graphite in paste wax 

10% colloidal graphite in wax emulsion 
10% colloidal graphite in isopropanol | 
10% colloidal graphite in water | 


>PUOPU YU MP repr wmwrmN>> 


Waxes 

self-drying paste wax 

10% wax in self-drying gum resin 

10% wax in nondrying gum resin 

10% wax in thermoplastic resin 

wax over self-drying gum-resin precoat 

wax Over nondrying gum-resin precoat 

wax over thermoplastic resin precoat 

aqueous sodium soap solution, titer 
range 58 to 60 C; dilution: 1 part to | 
12 parts water 

dry metallic-complex soap, water 
insoluble 

dry calcium-stearate soap, water 
insoluble 

commercial soap paste recommended 
for use with zinc phosphate coatings 

10% no. 32 in self-drying gum resin 

10% no. 33 in self-drying gum resin 

no. 31 over nondrying gum-resin 
precoat 





ypaowugyvaga 





Reet 2 


Mineral Oil, Synthetic Fluid 

44 | aqueous polyalkylene glycol, viscosity 
90,000 SUS at 100 C 167 
45 | sulfochlorinated mineral oil 179 














* The flake graphite, molybdenum disulfide, and boron nitride 
used in compounding lubricant mixtures, all had particle sizes 
of minus 325 mesh. 

> Surface finish: A, 30-60 pin.; B, 60-100 pin.; C, light scoring; 
D, galled. 


Lubricants 16 through 22 were studied to determine the 
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Fic. 6. Extrusion pressure and surface finish for fluoride-coated titanium billets with various amounts 
of solid-film lubricants in a gum resin. 


influence of various carrier media for solid-film materials. 
Mixtures containing a nominal graphite content of 10% 
were used so that a comparison could be made with Lubri- 
cant 4 (10% graphite in gum resin). All of the mixtures 
produced a dry film of lubricant over the coating. With 
Lubricants 19 and 20 (water and isopropanol carriers), 
however, the lubricant film consisted only of graphite. 
Extrusion data for these mixtures are summarized in Fig. 7. 
From this chart, it can be seen that the presence and type 
of the carrier has a marked effect on lubricant performance. 
Class A surface finishes were attained with films of graphite 
both alone and in combination with gum resin, and alkyd 
resin. Of these lubricants, the lowest extrusion pressure 
was required with the mixture of graphite and gum resin 
(Lubricant 4). 

In an attempt to improve the surface finish attainable 
with wax (Lubricant 23), which required lower extrusion 
pressure than either the solid-film or soap lubricants, 
several wax-resin combinations (Lubricants 25 through 30) 
were tried. Applying the wax over a non-drying gum-resin 
precoat (Lubricant 29) on the billets improved the surface 
quality only from a Class C to a Class B finish. A suspension 
of 10% wax in the self-drying gum resin (Lubricant 25), 
similarly, showed only slight improvement over wax alone. 

Of the three major types of lubricants evaluated, the 


soaps exhibited the poorest performance. In the earlier 
studies on coatings (Table 1), the sodium soap (Lubricant 
31) with the fluoride coating gave Class D surface finishes. 
Equally poor performance was obtained with the metallic- 
complex soap (Lubricant 32) and the calcium-stearate soap 
(Lubricant 33). 

Combining the soaps with gum resin showed some effect 
on performance. The sodium soap, applied over a non- 
drying gum-resin precoat, gave Class C finishes. A mixture 
of 10% metallic-complex soap in the self-drying gum resin 
produced a Class B finish. The surface quality attainable 
with the calcium-stearate soap, on the other hand, was not 
improved by mixing it with the gum resin. 

Polyalkylene glycol and the sulfochlorinated mineral oil 
both exhibited rather poor performance. Although the 
pressures required with these materials were comparable 
to the other lubricants, neither was effective in preventing 
galling. 


Discussion 


From a commercial standpoint, the ideal lubricant for 
cold extruding titanium would be one that produces the 
best possible surface finish at the lowest possible pressure. 
Surface finish would be the prime consideration since it 
best reflects the ability of the lubricant to prevent galling 
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Fic. 7. Extrusion pressure and surface finish for fluoride-coated titanium billets with lubricants composed of 10% 
graphite in various carriers. 


and the accompanying tool wear. Of the various types and 
combinations of materials studied, the best performance in 
this respect was exhibited by the mixtures of solid films in 
the gum and alkyd resins. These lubricants are retained on 
the surface after extrusion in the form of a shiny black, 
continuous film. The best individual lubricants of this type 
were mixtures of 10% graphite and 5°% graphite-5°, MoSe 
in the self-drying gum resin (Lubricants 2 and 4). Of the 
lubricants that produced Class A surface finishes, these 
required the lowest pressures. 

In considering a number of materials as possible lubri- 
cants for cold extruding titanium, it might be expected 
that the material requiring the lowest extrusion pressure 
would produce the best surface finish. Of the various types 
and combinations of lubricants studied in the present work, 
however, none satisfied this dual requirement. Rather, the 
extrusion pressure and surface finish were usually inde- 
pendent of each other; the lubricants requiring the lowest 
pressures produced finishes inferior to those obtained with 
lubricants requiring higher pressures. 

The extrusion pressure, under otherwise constant con- 
ditions, reflects the ability of a lubricant in minimizing 
friction between the billet and die. The surface finish, on the 
other hand, reflects the ability of the lubricant to withstand 





not only the pressure required and surface temperatures 
generated during the extrusion stroke, but also to withstand 
the ejection stroke. Thus, a lubricant requiring low pressure 
would be unsatisfactory if depleted during the extrusion 
stroke, since no protection against galling would be provided 
for during ejection. This is apparently what happens with 
the wax lubricants, which required lower extrusion pressures 
than the other types studied but produced poor surfaces. 

In addition, the characteristics of the surface coating, 
mainly its wettability and adsorbency, can have a marked 
effect on the performance of a given lubricant. This may 
have been the reason for the better surfaces obtained with 
soap in combination with the oxidized fluoride and anodic 
coatings than with the fluoride coating. 

With solid-film lubricants such as graphite, molybdenum 
disulfide, and boron nitride, surface finish is also affected 
by another factor, the bulk of the lubricant itself. This was 
clearly demonstrated in the studies on solid-film mixture 
suspended in varying amounts in a gum-resin carrier. 
Mixtures containing 15 and 20% graphite, while requiring 
lower pressures, produced slightly rougher surfaces than 
mixtures containing 5 and 10% graphite apparently as a 
result of lubricant build-up. 

On the basis of these studies, the fluoride coating in 
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combination with the 10% graphite-gum resin lubricant 
(No. 4) was adopted as the lubrication practice for sub- 
sequent experiments on cold extrusion of hollow shapes. 
Using this technique, it was possible to produce cups of 
Grade AMS 4900 titanium by backward and forward 
extrusion with surface finishes of 30-60 pin. As evidenced 
by the extruded cups shown in Figs. 8 and 9, the process 





Fic. 8. Typical appearance of cups of Grade AMS 4900 titanium 
backward extruded with reductions of 30, 40 and 50%. 


should offer an attractive method for fabrication of tubular 
titanium parts through its ability to convert a solid slug of 
barstock to a finished or semifinished hollow shape. 
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Evaluation of Gear Materials Scoring at 700 F! 
By EARL G. JACKSON?, CHARLES F. MUENCH® and ERNEST H. SCOTT* 


The selection of materials for use in high Mach no. aircraft gears requires consideration of 
high temperature rubbing compatibility. This program was designed to obtain bench test 
data on ten different materials for application as 700 F gear materials. Oils representing 
two major classes, silicone and mineral, were chosen for these tests. 

A new high-temperature tester patterned after the Kelley roll tester was designed and con- 
structed. Scoring tests up to 1200 ft/min and up to 167,000 Maximum Hertz stress were 
performed on 2.5 in. rolling disk specimens. Materials included high-speed tool steels and 
die steels, both nitrided and carburized, and flame-plated titanium. 

The best material in score resistance depended on which oil was used. H-12 (vacuum melted), 
nitrided was best with silicone, but M-1 rose from second with silicone to first with mineral 
oil. Except for this reversal on changing oils, the order of materials correlates fairly well 





with surface hardness. With through hardened materials there was no reversal. 
Data are presented in the form of a calculated flash temperature parameter according to 
the modified Kelley-Blok equation. 


I. Introduction 


THE purpose of this program was to evaluate materials for 
use in gears operating up to ambient temperatures of 700 F 
in high Mach number aircraft. 

At elevated temperatures poor lubrication is all that can 
be expected from available high-temperature lubricants, 
and thus a very important factor to be considered is the 
“compatibility” or scoring resistance of the materials when 
used in conjunction with these lubricants. In this program, 
a unique Gear Roll test was used to evaluate the scoring 
resistance of prospective high-temperature gear materials 
under different conditions of speed, load and temperature 
using two selected oils. 


il. Materials 


The selection of materials was, with but two exceptions, 
restricted to those commercially available. The character- 
istics of the more successful, low-temperature (up to 300 F) 
aircraft gear steels—carburized AMS 6260, induction- 
hardened AISI 4340 and nitrided Nitralloy N—were the 
bases for selection. These low-temperature steels, when 
used in aircraft gears, are usually surface hardened and 
retain the high surface hardness at operating temperature. 





Presented as an American Society of Lubrication Engineers 
paper at the Lubrication Conference held in New York, N.Y., 
October 1959. 

1 This research was supported by the United States Air Force 
under Contract no. AF 33 (616)—5266, monitored by the Materials 
Laboratory, Wright Aeronautical Development Center, Wright- 
Patterson Air Force Base, Ohio. 

2 Supervisor, Bearings, Seals, Gear and Lubricant Development, 
Small Aircraft Engine Dept., General Electric Co., West Lynn, 
Mass. 

3 Materials Development Engineer, Small Aircraft Engine 
Dept., General Electric Co., West Lynn, Mass. 

Project Engineer, Small Aircraft Engine Dept., General 
Electric Co., West Lynn, Mass. 


Not all of the materials chosen for evaluation to 700 F 
were surface hardened, but those which were not, retained 
high hot hardness at testing temperatures. Largely based 
on common aircraft gear practice, a surface hardness of 
57-58 Rockwell “C’’ minimum at 700 F was selected as 
one criterion. 

The materials selected are listed here, together with 
comments on their selection: 


M-50 High-Speed Tool Steel 


This material has lower alloy content than most high- 
speed tool steels and is, consequently, less troubled with 
carbide segregation. It has become the first-choice steel for 
high-temperature aircraft ball bearings for use up to about 
600 F and might be expected to perform well in high- 
temperature gears. 


Modified M-50 


This is a development material in which the M-50 
composition was modified to provide a carburizing grade 
possibly having higher hot hardness characteristics in the 
carburized case than is available in commercial materials. 
The modifications include dropping the carbon level to 
0.15-0.20% and adding 3.25% nickel as a ferrite inhibitor, 
found necessary to prevent excessive ferrite in the low- 
carbon core. It was intended that when suitably processed, 
this alloy would approach the high surface-hardness, high- 
strength, ductile core combination obtained in AMS 6260. 
The small development heat produced for this program 
was induction vacuum melted. 


H-12 (AISI) Hot Work Die Steel 


This is a type of die steel which has been considered for 
high-temperature gears in the past. It can be successfully 
carburized and nitrided. Its alloy content is such that the 
core tensile strength is very high, consequently providing 
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very good support to surface-treated cases under high 
loads. In this program, an electric-arc, air-melted heat and 
a consumable electrode vacuum-melted heat were both 
used in order to obtain some measure of the benefit to be 
gained by vacuum melting. 


M-1 High-Speed Tool Steel 


This steel is a standard tool steel which has been used 
in high-temperature bearings. It represents a class of 
molybdenum high-speed tool steels possessing high hot 
hardness retention. It is more subject to carbide segregation 
than is M-50. 


Matrix M-2, Modified High-Speed Tool Steel 


This material represents the theoretical composition of 
the M-2 matrix alone and, therefore, should not have the 
large number of “excess” carbides which account for the 
excellent metal-cutting qualities of M-2. This reduction 
in “excess” carbide was expected to result in improved 
fatigue life. 


Nitralloy N 


This is a nitriding steel widely recognized as a possible 
material for high-temperature gear applications. It has 
sufficient core strength for use up to 700 F. 


Cobalt-Chrome Die Steel 


This steel was chosen because its high chromium content 
might provide oxidation and corrosion resistance superior 


’ to that of the other steels in the program. Of the commer- 


cially available carbon, high-chromium die steels, it appeared 
to have the best high-temperature hardness characteristics. 


Titanium, 6°, Al-4%,V 


This high-strength, high-temperature titanium alloy was 
included in order to evaluate the weight-saving possibilities 
of this class of alloy. It was not expected that its mechanical 
properties would measure up to the selected steels at 
700 F. Previous investigations within this Company had 
shown promise when titanium gear teeth were coated with 
a thin (0.002 in.0.003 in.) layer of tungsten carbide 
applied by the “flame-plating” method. 

It can be seen that a variety of steels were selected. It 
was intended that, among other things, this investigation 
might pinpoint the most promising class. For example, the 
hot-work die steel represents but one of a dozen or more 
similar steels and its performance here should be largely 
indicative of how the other steels of its class perform. 

The chemical analyses of the materials used appear in 
Table 1. The materials were received as 2§ in.—2} in. 
diameter hot-rolled annealed bars. 











TABLE 1 
Chemical Compositions of Test Materials (°/) 

Material Cc Mn P Ss | Si | Ni | Cr Vv Ww Mo Others 
M-50 0.80 0.31 0.009 0.017 0.25 4.01 | 1.00 4.25 
Modified M-50 0.14 0.31 0.42 3.35 3.94 1.28 4.17 

(vacuum) 

H-12 (air) 0.36 0.27 0.023 0.014 0.87 5.06 0.34 1.30 1.55 
H-12 (vacuum) 0.35 0.29 0.017 0.012 0.77 5.06 0.24 1.27 2,52 
M-1 0.80 0.25 0.022 0.011 0.38 3.79 1.13 1.62 8.58 
Matrix M-2 0.52 0.12 0.013 0.015 0.21 4.31 0.90 2.15 2.80 
Nitralloy N 0.23 0.58 0.012 0.015 0.36 3.56 1.40 0.29 Al, 1.10 
Cobalt-Chrome 1.51 0.40 0.017 0.011 0.40 12.40 0.92 Co, 3.15 
Titanium, 6A1-4V 0.030 4.45 Al, 6.40 






































lil. Test oils 

Since only two oils were to be run, they were chosen to 
be representative of two important classes, the silicones 
and the high-temperature mineral oils. The silicone selected 


was a chlorophenyl methyl and the mineral oil was MLO 
7056A from the Petroleum Refining Laboratory of Penn- 
sylvania State University. Their properties are shown in 
Table 2. 











TABLE 2 
High Temperature Oils for Gear Roll Tests 
Viscosity (cS) Flash Pour Neut. 

Fluid 100 F 210 F 600 Fe | 700 F* | point ( F) | point ( F) no. 
Chloropheny] 57.8 16 1.9 575 —100 0.0 
methyl silicone 
MLO 7056A 96.3 10.4 0.7 500 15 0.1 
(Pennsylvania heavy 
neutral oil with silicone 
oxidation inhibitor) 


























*ASTM chart extrapolation. 
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In the “gear roll” test, the mineral oil, being less stable, 
was not fed in as hot as the silicone (400 F instead of 600 F), 
and to avoid excessive cooling of the rolls, the flow was 
reduced from 0.5 g/min to about 0.1 g/min. Viscosities and 
neutralization numbers were measured periodically during 
the test series. Make-up oil was added as required, and 
each oil was drained and replaced once during its series. 

The 700 F viscosity (extrapolated) of the silicone fluid 
rose from 2 to around 10 cS before it was replaced. The 
mineral oil, which was not heated as much nor run as long, 
changed in viscosity only slightly. In both cases, neutraliz- 
ation numbers did not exceed 0.3 mg KOH per g of oil. 


IV. Gear roll score evaluation—Theory and 
procedures 


1. Scoring, a Mechanism of Failure 


For most of the history of gearing, the criterion of gear 
design has been tooth breakage. This is still the absolute 
limit defining how much power may be transmitted by 
any given set of gears. Another limitation which may 
develop before breakage is the pitting of the gear teeth 
surfaces. 

Both of these limits may be expressed by equations of the 
following form: 

H = CnadP 
where H is the maximum permissible power transmittable, 
C is a constant including the geometry of the gears, m is 
a speed factor such as pinion revolutions per minute and 
d is a dimension factor such as the pitch diameter. 

A further limitation which has become more significant 
in recent years, and particularly in aircraft gearing, is the 
scuffing or scoring limitation which follows a similar equa- 
tion. Analysis of each of these phenomena (1) shows that 
with both pitting and breakage the exponent of speed, q, 
is close to unity, while the exponent of dimension, , is 3. 
But, in the case of scoring, the exponent q is 4 while the 
exponent p is §. A plot of permissible power transmission 
vs. speed then exhibits a flatter slope for the scoring limit 
Hs, so that scoring becomes the limiting factor as speed 
goes up, as shown in Fig. 1 taken from reference (1). 
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Fic. 1. General curves for power capacity as a function of speed. 


Because operation of aircraft gearing, and especially that 
in high-speed turbine engines and accessories, tends toward 
the right of the curve, it has been increasingly the experience 
that failures in aircraft gears are initiated by this scoring 
phenomenon. Another factor also leading to the increasing 


importance of scoring is that H for both breakage and 
pitting have been raised by increasing the hardness of the 
teeth through use of tougher steels, or surface treatment 
such as carburizing and nitriding. But, while maintaining 
the same speed, the value of permissible power can be 
raised in this manner only so much before the scoring 
parameter becomes the limiting item, as shown by the 
dotted line of Fig. 1. So, even at the lower speeds, scoring 
has become a serious factor. 

Scoring or scuffing in itself is not serious, and indeed 
sometimes scuffed gears heal themselves. However, in many 
cases, scuffing wear increases to the point of changing the 
tooth profile, and then gear performance is seriously affected 
because pitting and breakage become possible. 

In view of these facts, this program on gear materials 
was designed to include an evaluation of the scoring pheno- 
menon of the various material—lubricant combinations 
studied. 


2. Methods of Evaluating Score Limits 


The ultimate evaluation of the scoring resistance or of 
the limiting load determined by the appearance of scoring 
is, of course, in a set of gears, and especially in those gears 
which are designed for operation in the apparatus involved. 
This is often too expensive or too time-consuming. There- 
fore, various tests have been set up to evaluate this para- 
meter before actually building the apparatus. 



































Fic. 2. Schematic of gear roll tester. 


A number of gear testers have been used for this purpose, 
but the best known in the aircraft industry of this country 
is the Ryder gear test (2) in which two pairs of standard 
spur gears are loaded against each other in a square. In 
this manner, a great deal of horsepower can be transmitted 
around the square with the drive merely supplying the 
frictional losses. 

Testing lubricants in Ryder sets or derivations thereof 
is very useful; but the results are subject to wide scatter 
because so many parameters are involved besides the mat- 
erials and/or lubricants which are the primary test factors 
under consideration. Tooth spacing, accuracy of the geo- 
metry and center distance, and alinement are all involved 
in such tests and cannot help but affect results to a certain 
extent. Furthermore, cutting gears of the accuracy required 
to minimize scatter is expensive, particularly with some of 
the newer materials such as die steels being utilized for 
their high-temperature hardness. Therefore, efforts have 
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been made to devise a simplified means of evaluating the 
score phenomenon, both to make a less-expensive test 
specimen to permit testing a wider variety of materials, and 
also to eliminate the inaccuracy effects potentially present 
in a complete gear set. This type of apparatus saves the 
more expensive gear tests for those material—lubricant 
combinations which show most promise. Such a machine 
was built in this laboratory patterned after that designed 
by Kelley (3). It is called the “gear roll tester” and provides 
the rolling-rubbing action of a gear tooth over a wide range 
of surface speeds, loads, and temperatures. 


. Gear roll tester. 





Fic. 

The apparatus, shown schematically in Fig. 2 and in the 
photographs of Figs. 3 and 4, consist basically of two 2.5 in. 
diameter cylindrical rolls rubbing against each other, one 
with a constant low speed of 175 rev/min and the other 
with a variable speed up to 10,000 rev/min to provide the 
relative rubbing. The width of contact is }in. An oil jet 
is directed at the inlet wedge so that the oil is carried into 
the rubbing surface. Load is applied through the arm that 
holds the upper ring. A strain gauge transducer in series 
with a hydraulic cylinder pushing or pulling on the load arm 
measures the applied force. The test rings are enclosed in 
an electrically-heated oven, while the inlet oil goes through 
preheaters so that independent temperature control is 
maintained. In this manner, the less-stable oils may be 
jetted in at less-severe temperature, while the rings are 
maintained at a higher temperature. 

There are many ways of utilizing this machine, such as 
by maintaining any set of parameters constant while varying 
one or more of the temperature, surface speed or load. In 
this program, it has been found advisable with the silicone 
oil, which is a poorer lubricant, to set the speed and load 
and raise the ring temperature slowly to 700 F. It was found 
that most materials would score before the 700 F temper- 
ature was reached. When, as happened more often with 
mineral oil, the 700 F was attained, a load progression 
technique was used. When maximum load was reached, 
the speed was increased stepwise. Scoring was detected by 
either or both a squealing, screeching noise and a widened 
electric pen tracing developed by the strain-gauge load 
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signal, indicating a roughened surface causing the load arm 
to move minutely up and down. 


3. The Flash Temperature Parameter, an Index of Scoring 


In an effort to provide designers with means of at least 
estimating the scoring limit of a given set of gears, Kelley 
(4) adapted the flash temperature parameter developed by 
Blok (5) for rubbing surfaces, into an equation for gearing, 
which has been in turn slightly modified by Dudley (6) 
to include inaccuracies of the geometry. 

The flash-temperature parameter, or scoring index, is a 
function of the design, materials and lubricants, and has 
been calculated on the basis of thermal properties of the 
whole system. It indexes the conditions under which the 
rate of heat generation due to friction in the film between 
the teeth is greater than can be dissipated by conductivity 
through the metals and by flow of oil. This results in com- 
plete breakdown of the lubricant film by volatilization or 
reduced viscosity, such that the opposing metals will come 
into gross contact, thereby welding, tearing and abrading, 
and resulting in scoring and consequent wear and destruction 
of the tooth geometry. 





Fic. 4. Gear roll tester—test box and ring details. 


The flash temperature index includes both the ambient 
and generated temperatures and so, by subtracting the 
ambient, it gives a quick idea of how much power may be 
transmitted through gears at the given ambient. For 
example, if the design ambient anticipated is above the 
flash temperature, then obviously scoring is immediate; 
there is no allowance for the generation of further temper- 
ature, very little power can be transmitted, but the gear set 
may operate properly so long as that little is not exceeded. 
If the flash temperature is high enough compared to the 
ambient, then power transmitted through the gears is 
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limited by tooth pitting or breakage. The theory and 
equation are, unfortunately, not complete but, in lieu of 
better criteria, they have been used by many designers in 
place of the older PVT formula which uses the Hertz 
pressure between the teeth, sliding velocity, and distance 
along the line of action. 

The Kelley flash temperature equation from reference (4) 
is shown below: 





| Cif Wn(v1 — v2) 55 
ty = to+ 
(V01+ V02)-/(B/2)4 L55—S 
where 
ty = flash temperature scoring index ( F); 
ty = temperature of gear blank ( F); 
C: = constant, representing thermal properties of 
material (0.053 for hard steels) ; 
f = coefficient of friction (assume 0.06); 
Wa = normal load per unit face width (Ib/in.); 
Vi, V2 = surface velocities (ft/sec); 
B = width of contact band (in.); 
S = surface finish (yin.); 


The equation has been recast as shown below for the 
simpler geometry of the rings used in this test program. 


Wo\1/4 
ty = te+9.48 x 10-%o mes(-;") [(/e1)—1.9] 


where 

Omaz = maximum Hertz stress in contact area 
Ib/in?); 

Wo = applied load (Ib); 

b = width of rolling path (in.); 

V1 = surface speed of variable speed roll 
(ft/sec); 

1.9 = surface velocity of constant speed roll 
(ft/sec)!2; 

9.48x 10-§ = includes constants and conversion factors. 


According to the theory, the actual value of the flash 
temperature will be less a function of any one of the para- 
meters of temperature, speed or load than of the combin- 
ation of all three. And, within limits, scoring at a given 
combination can be determined from another combination 
by the use of the flash-temperature parameter equation. 
The data from these tests have been treated on this basis 
and the flash-temperature parameters determined. 


4. Test Procedure 


The test rings or rolls are designed to have a 0.002 to 
0.003 in. interference fit on the shafts to ensure no slipping 
at 700 F. They are readily assembled after oven heating 
the rings and water cooling the shaft. 

The rings are ground to a 6-12 pin. r.m.s. finish after 
being mounted on the shaft to ensure parallelism. They 
may be reground several times after scoring, depending on 
the depth of each regrind and of any surface layer. 

The shafts are then assembled in the tester with the 
beveled ring on top being driven at a constant speed of 
175 rev/min. The lower ring is driven by a variable speed 
motor. 


A thr run-in at 100,000 Ib/in? Hertz stress, 300 ft/min 
and room temperature usually brings the path finish to 
5-7 pin. and is a check on proper alinement. When the 
run-in is satisfactory, speed is set at 600 ft/min, load at 
60,000 Ib/in? maximum Hertz, and the temperature of inlet 
oil raised to 600 F for the silicone or 400 F for the mineral 
oil. The oven temperature is raised to 800 F which will 
produce a roll temperature of 600-700 F, unless scoring 
occurs earlier. 

The oil is jetted into the mesh at about 0.5 g/min for 
the 600 F silicone and 0.1 g/min for the 400 F mineral oil. 
Load is constantly monitored on a chart recorder with a 
signal from a strain gauge which is under compression 
from the weight of the loading arm. 

In the tests with the silicone oil, scoring as evidenced by 
a screech and/or a widening trace on the chart usually 
occurred before 700 F ring temperature was reached. If 
this temperature was reached successfully, the load was 
increased in approximately 20,000 lb/in? steps up to 
167,000 lb/in? with 5 min of running at each step. If 
scoring had not yet appeared, the sliding speed was raised 
to 800 ft/min and the load cycle repeated. With the mineral 
oil, which did not score as readily in early tests, the pro- 
cedure was modified so as to increase the speed directly 
when the maximum load was attained. 

As soon as evidence of scoring was apparent, the rolls 
were immediately brought to a halt and the thermocouple 
which had been recording oven air temperature was brought 
down on to the top ring path and the temperature noted. 
Records kept of test runs included: 


(a) Oil flow, pressure and temperature at inlet. 

(b) Oven air temperature. 

(c) Speed. 

(d) Load. 

(e) Time. 

(f) Ring temperature at failure (within few seconds). 

After examining and photographing the scored rings, 
they were either removed from the shafts or reground to 
clean up all surface damage, then re-run. Because of the 
scatter in this type of test, a minimum of three runs was 
made on each material—lubricant combination. 


Vv. Gear roll score evaluation—results and dis- 
cussion 

Roll scoring tests were run at least three times on each of 
the ten materials with each of the two oils in this program. 
Results are summarized in Table 3, along with the hardness 
values of the rolls and the case thickness where applicable. 
More inclusive tabulation of results appears in Tables 4 
and 5 and sample photographs of scored rings are shown 
in Fig. 5. A graphic representation of results is shown in 
Fig. 6. 

The principal conclusion that may be drawn is that 
hardness appears to be the most important factor in rating 
these materials with any one oil, although the H-12 
nitrided confuses the situation by doing so much better 
with silicone than with mineral oil. With a six-points 
harder surface than its nearest rival, it had a 100 F advan- 
tage in flash temperature with silicone oil, but was only 
average with mineral oil. 
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Fic. 5. Microphotographs of scored gear roll test 








rings. 
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TABLE 3 


Summary of Flash Temperature Parameters from Gear Roll Tests 
































| 
700 F 
hardness, Re 
Silicone No. Mineral No. Case depth 
Material oil | run oil run Core | Case 0.001 in. 

H-12 (vacuum) 820+15¢ 4 700 +40 3 49 66 13 
nitrided 
M-1 700 +40 6 890 +10 3 60 60 —- 
H-12 (air) 660 +70 + 630+50 3 53 57 25 
carburized (320 + 30) + 
M-50 630+70 F i 670 +30 3 58.5 58.5 —- 
H-12 (vacuum) 600 +75 + 690 +35 3 50.5 57 28 
carburized 
Nitralloy N, 590+75 5 700 +40 + 38 59.5 13 
nitrided 
M-2 matrix | 590+45 8 670+10 o 57 57 — 
Cobalt chrome | 570435 5 620+ 30 3 55.5 55.5 — 
Modified M-S0, 510° 1 670+30 3 33 57.5 35 
carburized 
Titanium, WC | Immediate | 3 Immediate | 1 | 26 72 | 1 
flame plated failures failure | | | 

atroom | at room 

temp. temp. | | 





@ Mean deviation. 
> Three other tests resulted in immediate failure. The case was not satisfactory 
on these rolls, but lack of more material prevented testing them further. 
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While the flame-plated tungsten carbide has an R, 75 
hardness, the titanium substrate would appear to be too 
soft, even at 100 F, to support the 0.001 in. plate. Other 
soft cores supported case thicknesses of 0.013 in. to 0.035 in. 
The four through-hardened materials line up directly 
according to hardness with both oils, but surface-hardened 
materials apparently require either a heavy, strong case or 
a reasonably-hard core, or a compromise between the two. 

Of course, it is well known that hardness is not the sole 
criterion of rubbing compatibility, but in order to get 
materials with the requisite high-temperature strength, the 


900 


choice had to be made from related families of tool and die 
steels. Thermal properties are more or less the same and 
friction is probably not significantly different, so it is 
reasonable that the hardness, which affects the contact band 
width, should be so influential. 

On the above basis, the choice of gear material for high- 
temperature operation might be made relying on the hard- 
ness factor without necessarily being restricted to the above 
ten metals. H-12, for instance, has a number of close 
relatives in the hot-work, die-steel category, and probably 
any of them, nitrided, will do as well as this sample. 









850F 


ss 


650 


Flash temperature porameter, 


550 








500 


in 
MSO Ss 


Silicone 
— MLO 70564 






= state = = ~ ect a 88: - a os 

g2 = $3 2 2253 § FF 22 Es 
a5 3 v2 35 = 8§ 33 35 
z *8 sea” ¢ 3° 3F 


WW 





N 
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Then unless some radically different base material, such 
as perhaps solid carbide, is proposed, the principal score 
variable is the lubricant. It can be seen from the table that 
excepting the H-12 nitrided, the relative rating of the 
materials did not change significantly in making the radical 
switch from silicone to mineral oil, but the flash temperature 
scoring index ty, jumped from 50 to 100 F in almost every 
case. This effect may result largely from the variation in 
the friction coefficient, f, between the two oils. That is, if 
f is really larger than the assumed 0.06, then the calculated 
ty is lower than the true ty. In any case, it is obvious that 
whetl, cr one uses the calculated ts, or corrects the coefficient 
of friction, the conclusion is that the mineral oil will carry 
most gear materials to a higher ambient temperature, 
qualified, of course, by the ultimate stability of the oils. 

The values of the flash temperature index in the table 
are those judged to be most likely correct. In two instances 
there is some doubt, principally due to questions about 
the case quality. The H-12 (air) carburized was tested 


eight times with the silicone oil. Four tests gave the value 
660 F +70 and four others, 320 F+30. Because the 660 F 
value seemed more reasonable by comparison with similar 
materials, and because in no instance did a high value occur 
after re-grinding a poorer one, it was assumed that the 
former were more likely to be true, and that the latter 
reflected too much grinding on the case. This was more 
or less corroborated when the material performed fairly 
well with mineral oil. 

A similar difficulty with the modified M-50 was more 
definitely traced to insufficient case depth on the rings 
used in silicone oil tests. It would seem reasonable to place 
this properly carburized material in the same category as 
the through-hardened M-50 with the silicone oil as well 
as the mineral oil. 

The flame-plated titanium was somewhat of a disappoint- 
ment. It may be that this combination should be recon- 
sidered with a much heavier plate, or tested running against 

. some of the other materials instead of against itself. 


TABLE 4 
Gear Roll Score Evaluation Results Silicone Oil 











Score conditions 
Test Max. Hertz Ring Oil Box | Flash temp. 
Material no. (ft/min) stress temp. in. air parameter 
(Ib/in*) ‘7? (3) 6 6U%) ( F) 
M-50 Ww30 600 60,000 622 668 667 672 
W33 600 60,000 +45 608 484 498 
W34 600 60,000 458 658 504 508 
W35 600 60,000 592 668 625 642 
W37 600 60,000 673 668 680 723 
W38 600 60,000 625 668 673 675 
w40 600 60,000 628 668 635 687 
: avg. 628+70 
Modified M-50 W65 600 60,000 458 448 497 507 
carburized W66 
W67 Immediate failures —_ 
W68 
H-12 (air) W 8 600 68,000 700 668 741 761 
carburized Wwi0 600 52,000 646 668 695 693 
Wwi2 600 66,000 504 448 399 555 
W22 600 60,000 582 658 706 627 
avg. 659+70 
W23 600 67,000 250 288 266 300 
W24 600 58,000 310+ 338 276 350 
Ww2s 600 60,000 305 408 331 350 
W26 600 60,000 236 318 276 286 
avg. 322+30 
H-12 (vacuum) W6i 600 130,000 689 668 689 838 
nitrided W62 600 127,000 651 668 654 796 
W63 600 142,000 646 668 670 834 
W64 600 123,000 683 668 699 827 
avg. 824415 
H-12 (vacuum) WS53 600 60,000 549 658 622 599 
carburized WS5 600 100,000 648 668 693 741 
W69 600 60,000 442 528 491 492 
w70 600 60,000 504 608 517 551 
avg. 596+75 
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TABLE 4—(contd.) 
Gear Roll Score Evaluation Results Silicone Oil—(contd.) 

















Score conditions 
Test Max. Hertz Ring Oil Box| Flash temp. 
Material no. (ft/min) stress temp. in. air parameter 
(Ib/in*) cre. (32 4 ( F) 
M-1 W45 600 60,000 628 668 648 678 
Ww4s8 600 60,000 673 678 686 723 
w49 600 60,000 661 668 719 711 
Wws0 600 60,000 732 668 748 782 
Ww54 600 60,000 605 668 618 655 
WS57 | 600 60,000 605 668 609 655 
| avg. 701+40 
Matrix M-2 wi4 | 600 60,000 563 568 545 611 
wis 600 60,000 488 568 464 | 537 
W16 | 600 60,000 484 618 536 531 
W17 600 60,000 468 583 504 | 516 
wis | 600 60,000 535 668 556 | 583 
wi9 | 600 60,000 523 628 589 | 579 
w20 | 600 60,000 628 618 638 | 676 
Ww2i1 600 60,000 602 748 667 | 647 
| avg. 585+45 
Nitralloy N W7 600 67,000 679 668 790 | 729 
Wii | 600 66,000 448 468 415 | 497 
w28 | 600 60,000 471 658 517 521 
Ww29 | 600 60,000 520 668 589 | 570 
W31 | 600 60,000 585 648 657 | 635 
| | avg. 590+75 
Cobalt-chrome W36 600 60,000 471 638 504 | 521 
Ww39 | 600 60,000 487 588 536 537 
W43 600 60,000 513 668 556 563 
w44 | 600 60,000 582 668 589 | 632 
Ww46 | 600 60,000 546 668 615 | 596 
| | avg. 570+35 
Titanium, 6%Al-4%V WS8 ) | 
W.C. flame-plated Wws9 Immediate failures | 
Wwe0 








But, whatever surface treatment or plating is used on 
any of these metals, it is obvious that it must be applied 
carefully. Selection of a high-temperature gear material 
would then include consideration of the ease of obtaining 
a reliable case. 

The relative performance of the H-12 nitrided, with the 
two oils is difficult to explain. Specimen case depth and 
quality of the two series were the same. Mounting, aline- 
ment of rings, loading, aiming of the oil nozzle, were all 
checked and found to be accurate. It was concluded that 
this difference was a property of the oil and required more 
study, not possible on this program, before it could be 
explained. Similar effects of changing oil have been ob- 
served on lower temperature tests of similar materials in 
another department of this Company. 

Another difference in results with the two oils observed 
was the type of failure. Invariably, the whole rolling path 
was scored in tests with the silicone. Almost equally 
consistently, the mineral oil produced a heavy failure 
circumferentially without spreading across the path, at 


least not during the time between first evidence of distress 
and stopping the test. Alinement and uniform contact across 
the sliding path were tested and always found to be very 
accurate. Furthermore, the failed portion of the path might 
be on one side, the other, or occasionally, in the center of 
the rolling path. This effect is unexplained, although it 
is conjectured that the lubricity difference between the oils 
may be significant. In general, it may be concluded that 
most materials will be more resistant to scoring with mineral 
oil rather than silicone, but exceptions may be important. 


VI. Conclusions 


The following conclusions have been drawn from the 
data collected in this program. They, of course, apply to 
application of these materials and lubricants to operation 
up to 700 F. They probably also apply to similar steels of 
the same classes. 


(1) The best material in resisting scoring depends on the 
oil. H-12, nitrided, was significantly best with silicone, 
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but M-1 rose from second to first when mineral oil was 
used. Except for this reversal on changing oils, the order 
of materials correlates fairly well with hardness; with the 
through-hardened materials there is no reversal. 

(2) On the two test oils, the mineral oil, with the two ex- 
ceptions, raised the flash temperature index 50 to 100 F. 
One exception was an important one, H-12 nitrided. So, 
it would seem to be necessary to score test any other 


combinations to be chosen rather than act upon general 
conclusions about oils. 

(3) Whenever surface-hardened materials are chosen, it is 
essential that great care be taken to ensure a satisfactory 
case. This is sometimes difficult, so this factor should be 
considered in making a choice. 

(4) Final choice of the best material—-lubricant combina- 
tion must include other factors not within the scope of this 


TABLE 5 
Gear Roll Score Evaluation Results Mineral Oil—MLO 7056A 














Score conditions | 
Test Max. Hertz Ring Oil Box | Flash temp. 
Material no. (ft/min) Stress temp. in. air Parameter 
(Ib/jin?) (F) (F) (F) ( F) 
M-50 Ww75 600 75,000 609 350 667 678 
W77 600 125,000 562 350 654 706 
Ww78 600 100,000 615 350 667 620 
avg. 668 + 30 
Modified M-50, Wws0 600 110,000 592 355 661 714 
carburized Ww8i1 600 78,000 589 350 654 662 
W86 600 60,000 598 400 683 646 
avg. 674+30 
H-12 (air), W87 600 60,000 559 400 673 607 
carburized Wwss 600 60,000 543 370 635 590 
ws9 600 71,000 644 400 689 706 
avg. 634+50 
H-12 (vacuum), Wwi00 600 92,000 667 400 719 756 
nitrided W104 600 60,000 598 400 719 646 
W106 600 60,000 644 395 715 690 
avg. 697+40 
H-12 (vacuum), W996 600 93,000 549 400 644 641 
carburized Ww97 600 60,000 631 400 732 680 
Ww9s 600 91,000 654 400 725 742 
avg. 688 +35 
M-1 w71 800 167,000 602 350 628 878 
W72 | 1100 148,000 628 350 673 906 
W76 950 160,000 612 350 654 898 
avg. 894+10 
Matrix M-2 w79 600 79,000 602 350 661 674 
W82 600 76,000 609 400 680 677 
Ws84 600 60,000 605 390 686 652 
Wwss 600 83,000 609 395 686 688 
avg. 673+10 
Nitralloy N Ww90 600 81,000 612 400 657 687 
wi 600 60,000 628 400 680 675 
Wwi01 600 113,000 651 400 722 775 
W103 600 60,000 602 400 725 651 
avg. 697+40 
Cobalt-chrome Ww92 600 60,000 615 400 680 663 
Ww94 600 60,000 533 316+ 576 581 
Ww9s 600 60,000 569 400 664 616 
avg. 620+30 
Titanium, 6%Al-4%V W73 Immediate failure 
W.C flame-plated 
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program. For instance, the choice of lubricant must depend 
on viscosity-temperature and oxidation and thermal 
stability requirements as well as reaction with the metal. 
Even a choice on the basis of data in this report must 
include certain design factors. Referring back to Fig. 1, 
it will be recalled that there is a cross-over point where 
the limiting factor changes from breakage to scoring, or 
vice versa. This cross-over point is a function of the 
geometry of the gears and cannot be calculated. Therefore, 
we may say that: 


(a) For high-speed gears where scoring is the most 
likely operational limiting factor, nitrided H-12 
should be used with the silicone, and M-1 with 
mineral oils. 


(b) For low-speed, heavily-loaded gears, modified M-50 
carburized, should be chosen with either oil on 
basis of fatigue tests not reported here. 


(c) As a compromise between the two qualifications, 
fatigue and score resistance, the nitrided H-12 is 
probably best since it was at or near the top in both 
series of tests. 
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DISCUSSION 
V. N. BorsorF (Shell Development Company, Emeryville, 

California) : 

Information on the high-temperature scoring perform- 
ance of various materials is badly needed for many of the 
projects now on the drawing board. The authors’ paper 
“Evaluation of Gear Material Scoring at 700 F”’ is, there- 
fore, most timely. However, because of scatter of the data, 
a direct comparison of materials tested is difficult. As an 
example, the results obtained with the silicone oil (authors’ 
Table 4) are plotted in Fig. Al. It can be noted that the 
scatter of flash temperatures for many of the individual 
materials are much larger than the differences between 
the average values of flash temperatures assigned to the 
materials. 

Two things appear to be responsible for this large scatter: 
the difficulties in the evaluation of scoring at high tempera- 
tures and an improperly-chosen parameter for scoring. 
This writer, in his investigations of scoring at high temper- 
atures, noted that the results are highly influenced by the 
methods used for measuring temperatures, such as position- 
ing of the thermocouples, location and nature of heat 


F 


sources and time of taking the readings. In the authors’ 
experiments, for example, the difference in temperatures 
of silicone and mineral oils was approximately 300 F, yet 
the ring temperature was roughly the same in both caces. 
It appeared that with a cooler oil the ring temperature, 
while in operation should be lower. The work on improving 
the techniques for high-temperature investigations should 
be continued. 

Regarding the parameter for scoring chosen by the 
authors, the following considerations are offered. The 
discussor agrees with the authors’ statement that scoring 
of our modern gears usually precedes other failures such 
as tooth breakage and pitting. However, the scoring 
curve at least of Fig. 1 is unrealistic. Nearly all of the latest 
data, including that of this writer!1, Ku and Barber?, Smith? 
and Watson* showed that there is no simple exponential 
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Fic. Al. Flash temperatures with different materials, silicone oil. 


relation between the score load of gears (and rolls) and 
speed. The typical shape of score load vs. speed curve is 
presented in Fig. A2. It is impossible to fit such a curve 
with an equation having constant exponents. 

The authors used the Kelley flash temperature equation 
which could be reduced to: 


T,-Tpy=KN12 W3/4 


the constant K includes thermal properties of the material, 
surface finish, width of contacting band and coefficient of 
friction. The similarity of this equation with PV factor is 
obvious. The weak points of this equation are: assumptions 
of constant exponents for speed and load, assumption of 
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a constant coefficient of friction and a complete disregard 
of many important factors, such as hardness, amount of 
oil supply, etc. The incorrectness of prescribing a constant 
value for the exponents was discussed above. Regarding 
the validity of the assumption of a constant coefficient of 
friction, the reference is made to E. E. Shipley’s paper 
“Efficiency of Involute Spur Gears’”!. Quoting Shipley 
“. . .. the coefficient of friction varies with load, speed, 
surface finish, oil viscosity, material, the geometry of the 
gears, and perhaps many other variables.” 





Load Carrying Capacity —> 











Speed —> 


Fic. A2. General shape of score load-speed curve. 


According to the flash-temperature theory introduced 
by H. Blok? each oil possesses a property of permitting 
scoring at a certain temperature, typical to the oil. This 
property is called “flash temperature’? and the flash 
temperatures could be evaluated by Kelley’s or similar 
equations, The flash temperatures are supposed to be 
constant and not affected by the operating or gear geometry 
variables. D. W. Dudley in his book Practical Gear Design 
included a Table (3-45) of the values of flash temperatures 
for a number of oils. To verify the correctness of this 
theory, the flash temperatures of oils used in References 
1 and 3 were calculated and plotted in Fig. A3 and Fig. A+ 
as a function of speed. No “constant” values of flash 
temperatures were found, thus showing that the flash 
temperature parameter is not an adequate measure of 
scoring. Incidently, according to the Dudley’s Table 
3-45 the flash temperature for the mineral oil used by the 
authors should be around 200-250 F. The authors’ data 
showed it between 620 and 894 F. 


P. M. Ku (Southwest Research Institute, San Antonio, 

Texas): 

This paper presents the results of an investigation 
made on metals of potential interest as gear materials for 
operation at high temperatures. It covers much ground, 
and contains much experimental data in an important 
area where data are lacking. 





1 Surpcey, E. E., ‘Efficiency of Involute Spur Gears,” presented 
on 26 January 1959 at ASLE Gear Symposium, Paper 59 GS-6. 

2 Brox, H., ‘‘Les Temperatures de Surface dans les Conditions 
de Graissage sous Pression Extreme,” Second World Petroleum 
Congress, Paris, June, 1937. 


Before commenting on specific details, I would like to 
voice my endorsement of two important general observ- 
ations made by the authors. To be sure, these two points 
are recognized by many; but their importance is not necess- 
arily appreciated by all. For this reason, it is gratifying 
that the authors have taken considerable pains to em- 
phasize them. 
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Fic. A3. Flash temperature vs. speed (data from reference’). 


The first of these two points concerns the importance of 
gear tooth scoring or scuffing in applications where trans- 
mission of a maximum amount of power per unit package 
size or weight is the prime consideration. We concur with 
the authors’ view that scoring is not only the predominant 
cause of gear failure at high speeds, but also at low speeds 
in instances where improvements in materials and design 
permit the use of high tooth loads without encountering 
tooth breakage or pitting. 





—_ l T T T 


8 
| 
7 


8 
/ 


Flash Temperoture, °F 

/ | 

rr 

/ 

\\ 

7 ' 
\ 8 
8 3 
¢ 
ee 


8 
l 
Nl 











10,000 15,000 
Speed, rpm 


20,000 


Fic. A4. Flash temperature vs. speed (data from reference’). 


The second general observation made by the authors is 
that scoring or scuffing is influenced by the test specimen 
material and the lubricant in a very complex manner. 
The authors employed rollers as test specimens. It may 
be relevant to point out that this is also true of gears. This 
discussor’s organization has been engaged in research on 
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gears and gear lubrication for several years. In our experi- 
ence, gear scoring or scuffing is affected not only by gear 
material and lubricant, but also by gear design and operating 
conditions. The relationships involved are so complex that 
they are essentially unpredictable in our present state of 
knowledge. What this means is that extrapolation of results 
on the relative merits of different gear materials or lubricants 
must be made with extreme caution. The possibility 
always exists that the relative ranking of, say, a number of 
lubricants determined with a given gear material and design 
and under a given set of conditions, may be altered beyond 
recognition if the gear material, or even the gear design or 
operating conditions, is changed. The argument applies 
similarly to the relative ranking of gear materials. It is 
therefore quite in order for the authors to emphasize 
that “the ultimate evaluation of the score resistance . . . . is 
in a set of gears, and especially in those gears which are 
designed for operation in the apparatus involved.” 

The relative merits of rollers vs. gears for gear or gear- 
lubrication experiments have been a subject of much 
discussion. Kinematically, rollers cannot be made to simu- 
late all aspects of gear action. On the other hand, in view 
of the complex relationships mentioned earlier, satisfactory 
interpretation of results under all circumstances cannot 
really be assured even if gears are used as test specimens. 
In other words, gears are more apt to give satisfactory 
interpretation of gear performance than rollers, but they 
are by no means foolproof. Thus, the difference between 
rollers and gears as test specimens is more one of degree 
than one of fundamental concept. Many investigators 
including this discussor!:?-3-4 are on record as favoring 
the use of gears as test specimens. However, there is no 
objection to using rollers, provided their limitations are 
recognized. 

Basically, I believe that the strongest argument in favor 
of test specimens of simple geometry is that they are easier 
to make and thus cheaper. I do not believe that one can 
make a really good case for rollers as a means of getting 
more repeatable results. In this connection, the following 
data> comparing the repeatability of several gear test 
methods may be of interest: 





Ratio of repeatability s.d. 


Test method to average rating 





Ryder gear test 0.09 
Comparative scuff test | 0.07 
Comparative wear test | 0.07 
Borsoff gear test | 0.085 
1 





1 Mansion, H. D., “‘Some Factors Affecting Gear Scuffing,” 
J. Inst. Petrol., v. 38, n. 344, 1952. 

2 NIEMANN, V. G., ReTTiG, H., and LEcHNeER, G., “Zur Prufung 
von Getriebeédlen im Zahnrad-Verspannungspriifstand, Stand der 
Erfahrungen,” Erdél und Kohle, v. 12, n. 6, 1959. 

3 Ryper, E. A., ““The Gear Rig as an Oil Tester,’ Lubrication 
Engng., v. 15, n. 8, 1959. 

4 Ku, P. M., and Baser, B. B., “The Effect of Lubricants on 
Gear Tooth Scuffing,” paper presented at ASLE Gear and Gear 
Lubrication Symposium, 26 and 27 January, 1959, Chicago, 
Illinois. To be published in ASLE Trans. 

5 Ku, P. M., “Discussion of paper “The Gear Rig as an Oil 
Tester’ by E. A. Ryder,” Lubrication Engng., v. 15, n. 8, 1959. 


The reader is referred to the original discussion for further 
details. The repeatability obtained with the IAE gear test® 
and the FZG test? is of similar magnitude. It is sufficient 
to point out here that the repeatability of the authors’ 
roller test falls within the same range, and does not appear 
to be appreciably better than the repeatability of the 
several gear tests. 

In the authors’ experiments, the case hardness of the 
material was varied from about 55 to 66 Rockwell C, 
while the material itself was also varied at the same time. 
It is a little difficult to visualize how hardness can be singled 
out as the governing variable in affecting scoring, when both 
the hardness and the material are varied. Other investigators 
7-1-4 have varied hardness over a wider range, and do not 
feel that hardness as such has a predominant effect on 
scoring. 

In conclusion, I wish to emphasize that the problem 
is complex, and it is perhaps too much to expect that 
different investigators should agree on all details. In those 
instances where my views are at variance with those of 
the authors, my intention is to solicit further clarification, 
rather than to imply criticism of a very fine piece of research. 


AUTHOR’s CLOSURE: 


We thank Messrs. Ku and Borsoff for their discussion 
of our paper, recognizing that, in the present state of the 
art, there is much in the information we presented that 
raises questions rather than provides answers. 

Both discussors commented on the reproducibility of 
the roll test vs. gear tests. The roll specimen unquestionably 
has the advantage of being cheaper and more readily 
procured in various exotic materials than aircraft quality 
gears. We still believe that it also ought to be more repro- 
ducible. It is possible that given more time and effort on 
this machine we could improve the precision. Or it may 
be that erratic results in the face of apparent identity of 
test conditions and specimens is itself a clue to the funda- 
mental mechanism operating. We don’t think the final 
answers can be drawn from the data reported. 

In response to Ku, it is true that the material and hard- 
ness were varying at the same time. The paper simply 
notes that the average flash temperature seems to be in 
relation with case hardness, and that this may not be 
surprising since the 700F hardness requirements 
resulted in all the samples being ferritic. Hardnesses were 
not intentionally varied. 

In reply to Borsoff, we agree that the influence of many 
variables is operating in any such test, and that this parti- 
cular apparatus is far from completely defined in all respects. 
To be specific, however, our thermocouples were placed as 
well as could be, measuring the oil-in right at the jet, and 
the roll temperature right on the rubbing path. It is true 
that the inlet temperature of the silicone was 200-300 F 
higher than that of the mineral oil, but the mineral oil 





6 “Toad Carrying Capacity Test for Oils (IAE Gear Machine),”’ 
Institute of Petroleum Test Procedure 166/58T. 

7 Borsorr, V. N., “On the Mechanism of Gear Lubrication,” 
Trans. Amer. Soc. Mech. Engrs., ¥. Basic Engng., D, v. 81, n. 1, 
1959. 
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flow was only one-fifth that with silicone, which would 
help to counterbalance the cooling effect. We are counting 
on the roll temperature being accurately measured in either 
case, and on the small quantity of oil at the interface being 
unable seriously to influence this temperature. 

The influence of the amount of oil supply admittedly 
has not, for lack of time, been determined in this program. 
We are relying on the assumption that, given an amount 
sufficient to provide a complete film at the interface, the 
excess oil will influence the apparatus only by its cooling 
effect. In any event, comparison of materials with a given 
oil should be valid. 

We recognise the deficiencies of the Blok theory and 
utilized it only in order to present the data in some rational 
manner, even though not completely accurate. We brought 
up the question of the true coefficient of friction in this 
paper, but for lack of better information have made the 
Blok assumption of a constant coefficient. 

It may be that the flash temperature parameter should 
include factors to account for hydrodynamic and relaxation 
mechanisms, and that this would settle the speed question. 


With respect to the comparison between the mineral 
oils of our paper and Dudley’s Table 3-45, we do not believe 
that they can be properly compared. Our 10 cS at 210 F 
mineral oil would be equivalent to SAE 30, and therefore 
the Table indicates it would have an FTP of about 400 F, 
not Borsoff’s 200-250 F. However, the Table only “‘sug- 
gests” these values for use in design with standard low- 
temperature gear materials and oils. Actually the high 
FTP’s observed in the roll test have been somewhat 
corroborated by another laboratory with full scale aircraft 
gear tests. With Nitralloy N and another highly refined 
mineral oil very similar to MLO 7056A, one score test at 
517 F gear rim temperature resulted in a calculated FTP 
value of 700 F, compared with the 697 F average of our 
paper. 

Again we repeat, the reported information does raise 
many questions. Our reason for presenting what may seem 
an incomplete piece of work is that we do not know when 
the program will be resumed, or all the questions answered, 
so we offer the experimental data for whatever use they may 
be to others studying the mechanism of gear lubrication. 


ee a aes 














Meta-linked Polyphenyl Ethers as High-Temperature Radiation-Resistant 
Lubricants! 


By C. L. MAHONEY?, E. R. BARNUMS, W. W. KERLIN4 and K. J. SAX5 


Meta-linked polyphenyl ethers show considerable promise as high-temperature radiation- 
resistant lubricants. They are far superior to present-day products in oxidation, thermal 
and radiation stability, comparing favorably with the most stable aromatics such as poly- 
phenyls, aromatic silanes, etc. In contrast to other high-melting aromatic compounds, the 
ethers are liquids with superior viscosity-temperature properties and good lubrication 
characteristics as measured in laboratory rig tests. 

Although the polyphenyl ethers were developed primarily to meet the requirements of future 
turbo-jet engines, their properties may also be suitable in other fields where extreme conditions 
of temperature and/or radiation are encountered. Suggested applications include hydraulic 

fluids and base stocks for greases. 


introduction 


RECENT changes in our technology, especially those invol- 
ving increased use of nuclear energy and the special 
requirements of high-speed aircraft and rockets, have 
prompted the search for lubricants capable of withstanding 
high temperatures in an oxidizing atmosphere and in the 
presence of large amounts of radiation. Such lubricants 
should have good oxidation, radiation, and thermal stability 
and also be capable of lubricating high-speed bearings and 
moderately-loaded gear trains. Furthermore, physical 
properties should permit operation over a wide temperature 
range. 

Preliminary experiments established that conventional 
inhibited lubricants are very sensitive to radiation damage 
(1) and that highly oxidation-stable radiation-resistant 
lubricants would need to be developed from synthetic 
chemicals rather than from existing base stocks and 
additives. 

Since it is well-known that most aromatic compounds 
are much more resistant to radiation than aliphatic com- 
pounds (2-4), attempts were made to design aromatic 
molecules with optimum physical properties and lubrication 
characteristics. Of many types investigated, the polyphenyl 
ethers offered the greatest potentialities. Consequently, a 
number were synthesized and properties such as melting 
point, viscosity-temperature coefficient, and oxidation, 
thermal, and radiation stability, as well as lubrication 
characteristics, were investigated in detail. 

The compounds of highest stability and therefore of 





Presented as an American Society of Lubrication Engineers 
paper at the Lubrication Conference held in New York, N.Y., 
October 1959. 
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2 Chemist, Shell Development Co., Emeryville, California. 
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greatest interest are the unsubstituted ethers, i.e. those 
containing no alkyl groups attached to the aromatic 
rings (1). 

Since the names of these compounds can be confusing, 
an abbreviated nomenclature has been adopted. For ex- 
ample, the compound, p-bis(m-phenoxy-phenoxy)benzene 
having the structure: 


Horror 


would have the abbreviated designation, mpm-5P4E, 
indicating the orientation of the linkages and the number 
of phenyl groups and ether-oxygen atoms. 


Physical Properties 
Melting Points 

Liquid or low-melting unsubstituted polypheny! ethers 
can best be obtained through the synthesis of compounds 
having a high proportion of meta-linkages (1). Whereas the 
para- and ortho-linked ethers are high-melting solids, the 
meta-linked compounds are liquids or have low melting 
points. Compounds containing both meta- and para- 
linkages have melting points somewhat below those of the 
all-para derivatives. The melting points of some ethers 
are presented and compared with related polyphenyl 
hydrocarbons in Table 1. 

To date no crystallizing tendency has been found in any 
exclusively meta-linked either having six or more phenyl 
groups per molecule. The three-phenyl ether, m-diphen- 
oxybenzene, crystallizes very readily but mm-4P3E has a 
strong tendency to supercool unless seed crystals are 
present. Crystallization can be further prevented if isomeric 
ether mixtures are used. The six possible bis(phenoxy- 
phenyl) ether isomers are listed in Table 1. Furthermore, 
the other physical properties of these “mixed” ethers are 
closely related to the all-meta ethers and they also have 
the same high stability. Pour points, as well as other 
properties, of typical ‘“‘mixed” products designated as 
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bis(mix-phenoxyphenyl) ether (mix-4P3E) and mix- 
bis(mix-phenoxyphenoxy) benzene (mix-5P4E) are com- 
pared with the corresponding all-meta isomers in Table 2. 
Viscosity 

In contrast to most aromatic compounds, the viscosity- 
temperature characteristics of polyphenyl ethers are very 
good. Chain flexibility imparted by the ether linkages is 
undoubtedly responsible since the corresponding poly- 
phenyls have poor viscosity-temperature properties (i.e. 
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high ASTM slopes), as illustrated by bis(o-phenoxypheny]) 
ether and o0:0’-quaterphenyl (Fig. 1). Some differences in 
viscosity and viscosity-temperature coefficients can be 
noted between isomeric polyphenyl ethers. The para- 
linked isomers have the highest viscosities and the lowest 


viscosity-temperature slopes. Meta-linked isomers have 
slopes lower than do ortho-linked ethers but still higher 
than the para-linked ethers. Compounds containing both 
para- and meta-links are intermediate between the all-meta 
and all-para isomers. The ASTM slopes of the para- and 
meta-linked ethers compare quite favorably with the value 
for the reference lubricant, di-2-ethylhexyl sebacate, from 
210 to 600 F (Table 3). 

Fig. 2 illustrates the similarity in viscosity-temperature 
coefficients for a series of meta-linked polypheny] ethers. 
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Fic. 2. Viscosities of meta-linked polypheny! ethers. 
Volatility 


The evaporation loss of oils, as measured in standard 
type tests (5), increases rapidly with temperature. For 
homogenous materials, a linear relationship can be ob- 
tained by plotting the logarithm of the evaporation loss 


TABLE 1 
Melting Points and Pour Points of Unsubstituted Polyphenyl Ethers 




















Abbreviated Melting | Pour 
Ether nomenclature point point 
( F) ( F) 
Bis( p-phenoxypheny]l) ether pp-4P3E 229-231 - 
Bis(o-phenoxypheny]) ether oo—-4P3E 249-251 - 
Bis(m-phenoxypheny]) ether mm-4P3E 104-106 10 
m-Phenoxyphenyl]-p-phenoxypheny]l ether mp-4P3E 118 108 
m-Phenoxyphenyl-o-phenoxypheny] ether mo-4P3E 165 - 
p-Phenoxyphenyl-o-phenoxypheny] ether po-4P3E 182 - 
Bis(mix-phenoxypheny]) ether” mix-4P3E liquid | 10 
p-Bis(p-phenoxyphenoxy)benzene ppp-5P4E 298-300 |  - 
m-Bis(m-phenoxyphenoxy)benzene mmm-5P4E liquid | 40 
p-Bis(m-phenoxyphenoxy)benzene mpm-5P4E 171-174 | 408 
m-Bis(p-phenoxyphenoxy)benzene pmp-5P4E 190-192 Eo a 
mix-Bis(mix-phenoxyphenoxy)benzene” mix—-5P4E liquid 40 
Bis(p-(p-phenoxyphenoxy)pheny]l) ether pppp-6P5E | 342-345 - 
Bis(m-(m-phenoxyphenoxy)phenyl) ether mmmm-6P5E liquid 50 
m-Bis(m-( p-phenoxyphenoxy)phenoxy)benzene Ppmmmp-7P6E | 189-191 858 
m-Bis(m-(m-phenoxyphenoxy)phenoxy)benzene mmmmm-7P6E | liquid 70 
Reference Compounds 
p:p’—Quaterphenyl 590 - 
o:0’—Quaterphenyl 24 #| - 
m:m’—Quaterphenyl 187):- | -- 





® Viscous pour point determined on the supercooled liquid. 

> Mixtures of isomeric compounds having varied linkage orientation. Bis(mix- 
phenoxyphenyl) ether (mix-4P3E) would contain all the six possible four- 
phenyl/three-ethers listed in the above table. Compounds containing meta- 
linkages are present in the highest proportion. Eighteen isomeric compounds 
are possible in the mixed-five-phenyl/four-ether. 
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against the test temperature (Fig. 3). The homogeneous 
materials included here all have approximately the same 
steep volatility-temperature slope. For example, di-2- 
ethylhexyl sebacate has a volatility loss of 8° wt. at 400 F, 
26% wt. at 450 F, and 96% wt. at 500 F. At 500 F the loss 
in weight of bis(m-phenoxyphenyl) ether (mm-4P3E) was 
33% and that of m-bis(m-phenoxyphenoxy) benzene 
{mmm-5P4E), only 3.6%. Evidently, the volatility of poly- 
phenyl ethers is highly dependent on molecular weight. 
+ m-3P2E D. mmm-5P4E 


. Di-2-ethylhexyl Sebacate E. mmmm-6P5E 
+ mm-4P3E F. mmmmm-7P6E 
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Fic. 3. Volatilities of polyphenyl ethers at various temperatures. 


With ethers of equal molecular size, volatility is also 
influenced by molecular configuration (1). Thus the 
ortho-linked ethers are appreciably more volatile than the 
meta-compounds which are in turn more volatile than the 
para-linked ethers. Mixed para-meta ethers have volatilities 
intermediate between the related all-meta and all-para 
ethers. 


Flash Points and Spontaneous Ignition Temperatures 

The flash points and fire points of polyphenyl ethers 
are dependent on volatility. Therefore, the molecular 
configuration and molecular weight-volatility relationships 
discussed above are applicable here too (‘Table 4). 

In contrast to flash point, minimum spontaneous 
ignition temperature is dependent largely on thermal 
stability rather than volatility. All of the polyphenyl ethers 
examined had spontaneous ignition temperatures of 1040 
to 1100 F. 


Performance properties of polypheny! ethers 


Effect of Temperature on Oxidation Stability—The oxid- 
ation resistance of inhibited and most uninhibited organic 
materials decreases rapidly as temperature is raised. If 
sufficient oxygen is present, the oxidation rate of inhibited 
oils approximately doubles for each 18 F (10 C) rise in 
temperature. The stability of aromatic compounds, such 
as polyphenyls or polyphenyl ethers, is less temperature 
dependent, as shown in Fig. 4. It is also evident that meta- 
linked ethers, such as bis(m-phenoxyphenyl) ether, are 
essentially as stable as para-linked ethers, e.g. bis-p- 
phenoxyphenyl) ether, both oxidizing somewhat more 
rapidly than m-terphenyl. At any test temperature, the 
difference in rate between polyphenyl ethers and typical 
inhibitor-containing MIL-L-7808C ester lubricants is very 
great; for example, the ratio is 1000 at 475 F. 

Oxidation-Corrosion Test Results—The very high stability 
of the polyphenyl ethers is shown also by their good 
performance in 50 hr oxidation-corrosion tests at temper- 
atures as high as 600 F. As shown in Table 5, bis(m-phen- 
oxyphenyl) ether (mm-4P3E) formed no deposits and in- 
creased in viscosity (210 F) by only 7%. Except for the 





Comparison of Properties of Meta- and Mix-Linked Polyphenyl Ethers 


TABLE 2 











a ae a RPM TA 











Ether Bis(m-phenoxyphenyl)| Bis(mix-phenoxy- m-Bis(m-phenoxy- mix-Bis(mix-phenoxy- 
ether pheny]) ether phenoxy)benzene phenoxy)benzene 
Abbreviated nomenclature | mm-4P3E mix-—4P3E mmm-5P4E mix—5P4E 
Boiling point ( F/mm) 425-430/0.07 428-446/0.15 530-540/0.06 520-535/0.2 
Melting point ( F) 104 - ~ - 
Pour point ( F) | 10 10 40 40 
Density (g/ml) at 68 F 1.18 1.18 1.20 1.20 
np 1.6200 1.6213 1.6302 1.6303 
Viscosity (cs) at: 100F | 60.9 | 65.4 332 366 
210 F 5.98 | 6.13 12.7 13.05 
400 F | 1.34 1.35 2.04 2.08 
600 F | 0.62 0.62 0.86 0.86 
700 F | 0.47 0.47 0.63 0.63 
Evaporation loss at 500 F | 
(%wt.) 2.98 3.1% 3.6 5.1 
Flash point ( F) | 465 470 540 540 
Minimum spontaneous 
ignition temperature ( F) | 1090 1080 1050 1030 
0.5 mole Dornte oxidation 
time at 600 F, hr 35 44 ae 49 
Initial decomposition 
temperature® ( F) 835 845 870 860 
| 








* At 400 F instead of 500 F. 


> Time in hours to absorb one-half mole of oxygen per 500 g of sample in Dornte oxidation test using copper catalyst. 
© As determined from vapor pressure data (cf. Fig. 5). 
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small weight loss found with copper, no corrosion of metal 
test specimens was observed. These results are comparable 
to those for m-terphenyl. Similarly, the higher-molecular- 
weight ethers, such as m-bis(m-phenoxyphenoxy)benzene 
(mmm-5P4E), mix-bis(mix-phenoxyphenoxy)benzene 
(mix-5P4E), and m-bis(m-(m-phenoxyphenoxy)phenoxy) 
benzene (nmmmm-7P6E), formed no insoluble deposits 
and were non-corrosive. The oxidized ethers showed only 
moderate viscosity increase. A methyl phenyl silicone 
formed no deposits but increased in viscosity by more than 
1000°%,. Conventional oils were much less stable. A typical 
MIL-L-7808C ester lubricant formed large amounts of 
sludge at 400 F and solidified at 450 F. A 1065 mineral oil 
essentially solidified after 50 hr at 400 F. 
A. Methyl] Substituted p-3P2E D. pp-4P3E 
E. 


B. MIL-L-7808C Ester Oil m-Terphenyl 
Cc. mm-4P3E 
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Fic. 4. Effect of temperature on the oxidation stability of poly- 
pheny] ethers. 


Thermal Stability—The initial decomposition temper- 
ature, as measured in an isoteniscope, is reached when 
thermal fragmentation of the molecule causes a measurable 
change in vapor pressure and can serve as a guide to the 
upper temperature-performance limit of potential lubricants. 
Other factors, such as rate of decomposition, type of 
decomposition products formed, time at various tempera- 
tures, and intimacy of contact with oxygen, etc., of course 
need to be considered as well. The initial decomposition 
temperature for most ester and hydrocarbon oils currently 
used as lubricants is approximately 560° to 625 F. The 
vapor pressure-temperature curve for di-2-ethylhexl seba- 
cate is shown in Fig. 5. It can also be noted that polyphenyl 


ethers have initial decomposition temperatures above 
800 F. For example, neither bis(m-phenoxyphenyl) ether 
(mm-4P3E) nor bis(p-phenoxyphenyl) ether (pp-4P3E) (1) 
showed decomposition until a temperature of 835 F was 
reached. The high-molecular-weight ethers, m-bis(m- 
phenoxyphenoxy)benzene (mmm-5P4E) and m-bis(m-(p- 
phenoxyphenoxy)phenoxy)benzene (pmmmp-7P6E), have 
even higher values (860 to 870 F.) 


TABLE 3 


ASTM Slopes of Polyphenyl Ethers 
| 





ASTM slope over various temper- 
ature ranges (°F) 








Compound 100-210 | 210-400 | 400-600 {600-700 
Bis(p-phenoxypheny]) ether — | 079 0.83 | 0.98 
Bis(m-phenoxyphenyl) ether, 0.84 | 0.83 0.87 1.03 
Bis(o-phenoxyphenyl) ether — | 0.95 0.98 1.22 
m-Phenoxyphenyl-p-phen- | | | 

oxyphenyl ether | 0.86 | 081 | 086 | 1.06 
Di-2-ethylhexyl sebacate 0.70 | 0.79 0.83 decom- 

| poses 

0:0’-Quaterphenyl | — | _— tan |: 3a 








Rate of thermal decomposition at various temperatures 
was also determined for several representative lubricants. 
Samples were heated for various times (1 to 10 hr) in glass 
or stainless steel bombs in the absence of oxygen and the 
amount of decomposed product determined. The very 
large advantage in thermal stability of the polyphenyl 
ethers, as compared to more conventional types of oils, is 
evident from Fig. 6. For example, di-2-ethylhexyl sebacate 
decomposed at approximately 10°%,wt./hr at approximately 
650 F. An equivalent decomposition rate for an aliphatic 
hydrocarbon oil was found at 730 F. Bis(m-phenoxypheny]) 
ether and bis(p-phenoxyphenyl) ether had nearly identical 
stabilities and decomposed at approximately 10°wt./hr 
slightly above 900 F. Thermal decomposition rates for 
these polyphenyl ethers would be only 0.1-0.2%wt./hr at 
850 F and very long lifetimes are expected below 850 F 
in applications where thermal effects alone are encountered. 


Coking Tendencies 
The tendency of polypheny] ethers to form coke deposits 
in an oxidizing atmosphere at high temperatures was 








TABLE 4 
Flash Points and Spontaneous Ignition Temperatures 
Abbreviated Flash | Fire Spontaneous 
Ether nomenclature point | point ignition 
( F) ( F) | temperature ( F) 

Bis(p-phenoxypheny]l) ether pp-4P3E 500 560 1040 
Bis(o-phenoxypheny]) ether oo-4P3E 445 505 _ 

Bis(m-phenoxypheny]l) ether mm-4P3E 465 555 1095 
m-Phenoxyphenyl]-p-phenoxypheny] ether mp-4P3E 465 530 1040 
m-Bis(m-phenoxyphenoxy) benzene mmm-5P4E 540 610 1050 
Bis(m-(m-phenoxyphenoxy)pheny]l) ether mmmm-6P5E 600 700 1100 
m-Bis(m-(m-phenoxyphenoxy)phenoxy)benzene smmmmm-7P6E | 655 750 1075 
Di-2-ethylhexyl sebacate _ 458 —_ 710 
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assessed in a modified small-scale panel coke apparatus. 
Correlation with the Model C panel coker, normally used 
in the evaluation of jet-engine lubricants, has generally 
been very good, coke levels being approximately one- 
fiftieth of the Model C values (5). All the ethers (Table 6) 
gave essentially no coke deposits at a panel temperature 
of 800 F and only small amounts of coke at 900 F. The 
di-2-ethylhexyl sebacate-based lubricants gave heavy 
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Fic. 5. Initial decomposition temperature curves for various 
polypheny] ethers. 


deposits at 700 F, whereas a methyl pheny| silicone did not 
form heavy deposits below 900 F. A typical chlorophenyl 
silicone and a tin polymer-chloropheny] silicone gave large 
to very large amounts of deposits at 700 F and 800 F. 
Thus, the polyphenyl ethers display better stability under 
these conditions than any of the present-day lubricants 
examined. 


Radiation Stability 
Effect of Radiation on Viscosity—Polyphenyl ethers are 
considerably more resistant toward radiation-induced 


viscosity increases than are aliphatic hydrocarbons or 
esters. For example, only a relatively slight increase in the 
210 F viscosity of bis(m-phenoxyphenyl) ether (mm-4P3E) 
occurred at radiation levels greater than 1 x 101! ergs/g, 
Fig. 7 (electrons, 3 MeV Van de Graaff Generator, ceric 
sulfate dosimetry (67). Viscosity increases were moderate 
at 5.5 x 1011 ergs/g. In comparison, di-2-ethylhexyl sebacate 
had increased in viscosity considerably by 10" ergs/g and 
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Fic. 6. Thermal decomposition rates at various temperatures. 


had gelled by 2.8 x 10! ergs/g. An aliphatic hydrocarbon 
was slightly more resistant but still gelled at this dosage. 
A methyl phenyl silicone became very viscous above 
5.5 x 1019 ergs/g and had gelled by 10 ergs/g. A chloro- 
phenyl silicone was even more susceptible to radiation 
damage. 

The gelation that occurred in the above ester, aliphatic 
hydrocarbon, and silicone results from the cross-linking of 
a large portion of the molecules to form a three-dimensional 
network. Materials gelled by radiation do not become fluid 
at moderately-high temperatures and can be partially 


TABLE 5 
Oxidation corrosion Test® Results with Polyphenyl Ethers 


























Test |% viscosity Acid Metal corrosion, 
Ether temp.| increase | number” | Deposit weight loss(mg/cm*) | 
(F) | at 210 F \(mg KOH/g) Cu Mg Fe Ag Al | Ti 
' 
Bis(m-phenoxypheny]) ether (mm-4P3E) 600 7 0.8 None 1.08 | +0.54 | +0.12 | +0.09 | +0.08 | +0.03 
Bis(p-phenoxypheny]) ether (pp-4P3E) 600 5.0¢ 0.6 None |+0.14/+0.05 |+0.06|+0.03| 0 +0.06 
m-Bis(m-phenoxyphenoxy)benzene 
(mmm-5P4E) 600 29 1.8 None 0.09 | +0.57 | +0.12 | +0.09 | +0.08 | +0.05 
mix-Bis(mix-phenoxyphenoxy)benzene 
(mix-5P4E) 600 26 1.9 None 0.76} 0.43/+0.22| 0.06|+0.35 | +0.06 
m-Bis(m-(m-phenoxyphenoxy)phenoxy)benzene 
(mmmmm-7P6E) 600 84 32 None 2.33| 2.89 /+0.39 | +1.34 | +0.88 | +1.08 
Reference Materials 
m-Terphenyl 600 8 0.7 None 0.12 | +0.17 | +0.17 | +0.13 | +0.08 | +0.05 
Methy] pheny] silicone 600 1020 - None 0.02} 0.08 |+0.15 | +0.12 | +0.03 | +1.08 
Chloropheny]! silicone 500 250 - None 0.74; 0.11! 0.14; 0.06; 0.08; 0.11 
Diphenyldi-n-dodecylsilane 500 410 6.0 Heavy —- 13.2} 0.54) 0.12] 0 0 
MIL-L-7808C oil (diester base) 450 80 14 Very 
Heavy |+0.12| 0.08} 0.43) 0.38) 0.31) 0.18 
1065 mineral oil | 400 a 16 Solidified| 1.51} 0.02) 0 0.03; 0.08; 0 




















® Small-scale test, 5 g sample, 50 hr, air rate 200 ml/hr. Results are comparable to those obtained in standard 100-ml test (6). 
> Total acidic products (includes phenolic materials). 
© At 300 F instead of 210 F. 

4 Viscosity not determined since oxidized oil is solid. 
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Fic. 7. Effect of radiation on the viscosity of bis(m-phenoxypheny]) 
ether. 


liquefied only at temperatures high enough to cause thermal 
decomposition; also, they are insoluble in most organic 
solvents. 

As was the case with all other types of materials examined, 
the low-temperature viscosity of polyphenyl ethers shows 
considerably greater percentage change on irradiation than 
does viscosity measured at high temperature. 


TABLE 6 
Coking Tendencies of Polyphenyl Ethers 











Coke formed at various® 
Ether panel temperatures (mg) 

700 F | 800F 900 F 
Bis(p-phenoxypheny]l) ether 0.2 0.2 2.0 
Bis(m-phenoxypheny]) ether 0.4 0.5 0.9 
m-Bis(m-phenoxyphenoxy)benzene — 0.2 0.6 
Reference Oils 
MIL-L-7808C ester oil 35 37 
Methy] pheny!] silicone 0 2.2 159 
Chloropheny] silicone 14 373 267 
Tin polymer-chlorophenyl silicone 15 265 _s 














@ Shell Development Small-Scale Test, sump temperature kept 
300 F below pane) temperature, 5g oil sample, air rate 
through vapor space = 2 1/hr; test time = 1 hr. Coke level 
is approximately one-fiftieth of that found with the Model C 
Coker. 
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Fic. 8. Effect of radiation on the viscosity of ns neat 
ether when measured at different temperatures. 


The effect of radiation on viscosity, measured at various 
temperatures, is shown in Fig. 8 for bis(m-phenoxypheny]) 
ether (mm-4P3E). When measured at 100 F, viscosity 
increase was relatively large for samples irradiated to dos- 
ages above 2.8 x 10! ergs/g while only moderate increases 
at 600 F or 700 F were found after absorption of 5.5 x 101 
ergs/g. 

Similar results were obtained with isomeric ethers, i.e. 
ethers of the same molecular weight but different linkages, 
but higher molecular-weight ethers showed a slightly 
greater viscosity increase for a comparable amount of 
radiation. 

Effect of Radiation on Oxidation Stability—Although 
sensitivity is much less than for conventional inhibited 
lubricants, all the aromatic compounds examined lose 
considerable resistance to oxidation after irradiation to 
high levels. This effect is large as compared to changes in 
physical properties and, under oxidizing conditions, might 
well determine the service lite. A summary of oxidation 
tests made with various irradiated materials is presented 
in Fig. 9. The compounds were first irradiated to various 
levels (nitrogen atmosphere, electrons from a 3 MeV Van 
der Graaff generator) and then oxidation resistance was 
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Fic. 9. Effect of radiation on oxidation stability of bis(m-phenoxy- 
phenyl) ether. 


measured in the Dornte apparatus. The percentage of the 
original oxidation resistance retained after irradiation is 
plotted against the absorbed irradiation dose. The great 
difference in the radiation sensitivity of various types of 
materials is very evident. Meta-linked polyphenyl ethers, 
such as bis(m-phenoxyphenyl) ether, show approximately 
the same percentage loss in oxidation stability at various 
radiation levels as does m-terphenyl. A methyl phenyl 
silicone and phenyl phthalate were considerably more 
sensitive to radiation damage. Loss of oxidation stability 
of typical ester-based oils was great. Because of their very 
high initial oxidation stability, samples of meta-linked 
polyphenyl ethers, e.g., bis(m-phenoxyphenyl) ether, 
irradiated to 2.8x 101! ergs/g, absorbed oxygen more 
slowly than did typical unirradiated inhibited lubricants. 

Dornte (7) (500 F test) oxygen-absorption rate curves 
for bis(p-phenoxypheny]l) ether irradiated to various levels 
are shown in Fig. 10. It can be seen that the rate for the 
unirradiated ether is very low and essentially constant. In 
contrast, all irradiated samples absorbed oxygen rapidly 
for a short time and then at a low constant rate somewhat 
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Fic. 10. Effect of radiation on the oxidation stability of bis(p- 
phenoxypheny]) ether. 


similar to that for the unirradiated ether. The extent of 
reaction during the initial period and the final rate both 
increased considerably with radiation level. Initial absorp- 
tion and final rate became large when bis(p-phenoxypheny]) 
ether was irradiated to levels of 1 x 1011 ergs/g or more. 
Similar oxidation-rate curves and upper irradiation limits 
were found with m-terphenyl (Fig. 11) and bis(m-phenoxy- 
phenyl) ether. 
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Fic. 11. Effect of radiation on the oxidation stability of m-terpheny]. 


The initial rapid oxidation of irradiated polyphenyl 
ethers shown in the above tests appears to be due largely 
to the presence of phenolic degradation products. No such 
materials were found in m-terphenyl or other aromatic 
hydrocarbons, but degradation products just as harmful 
to oxidation stability were produced. 


Lubrication Characteristics 


Four-Ball Wear Tests—The oxygen link in polyphenyl 
ethers is beneficial as far as wear is concerned and largely 
counteracts the adverse lubrication characteristics shown 
by most highly aromatic hydrocarbons. Polyphenyl ethers 
exhibited low wear in 1 hr Shell Four-Ball (8) wear tests 
at 400 F (600 rev/min, 4 in. diameter 52-100 steel balls). 
As illustrated in Fig. 12, the wear scars of polyphenyl ethers 
at various loads are similar to those observed with di-2- 
ethylhexyl sebacate and very much lower than those with 
‘0:0'-quaterphenyl. The wear characteristics of bis(p- 
phenoxypheny]) ether (pp-4P3E) and bis(m-phenoxypheny]) 


ether (mm-4P3E) were essentially identical. Similar results 
were obtained with bis(mix-phenoxyphenyl) ether (mix- 
4P3E) and the higher-molecular-weight m-bis(m-phenoxy- 
phenoxy)benzene (mmm-5P4E) and mix-bis(mix-phenoxy- 
phenoxy)benzene (mix-5P4E). 

In high-speed tests (2400 rev/min), the wear scars were 
considerably larger than those obtained in tests at 600 
rev/min, but the relative rating of various types of materials 
was essentially the same (Fig. 13). For example, wear scars 
at various loads with bis(p-phenoxyphenyl) ether were 
somewhat lower than those with di-2-ethylhexyl sebacate. 
Very high wear was found with m-terphenyl. A petroleum 
white oil showed low wear at low loads but wear increased 
considerably as the test load was raised. 
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Fic. 12. Four-ball wear test results with polypheny] ethers. 


High-Speed bearing and Gear Tests—The performance of 
several ethers in a 25 mm bearing rig (9) was encouraging. 
It was operated at speeds and loads to approximate the 
ball-to-raceway contact-zone temperature rise encountered 
in full-scale 240 mm thrust ball bearings. Test times were 
kept short and once-through lubrication was used with less 
stable reference materials to minimize the effect of deposits 
or fatigue. The bearings were run at 40,000 rev/min and 
200 Ib. axial load for 30 min at each 100 F temperature 
increment. The bearing outer-race temperature at which 
speed became erratic varied with the lubricant and was 
called the “maximum friction-limited temperature.” This 
value is related to the “lubricity” of the oil at high tempera- 
tures. Under these conditions tert.-butylated bis (p-phenoxy 
phenyl) ether operated satisfactorily up to temperatures of 
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Fic. 13. Results of high-speed four-ball wear tests. 
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725 F; bis(p-phenoxypheny]) ether was tested only to 600 F 
because of its volatility and limited quantity of sample. 
A methyl phenyl silicone had a limiting temperature of 
300 F (1). The meta-linked ethers will be evaluated 
similarly. 

Although the meta-linked ethers have not yet been 
investigated as gear lubricants, analogous ethers such as 
1-(p-«-cumylphenoxy)-4-phenoxybenzene and tert.-buty- 
lated bis(p-phenoxyphenyl) ether both displayed load- 
carrying capacity in spur-gear tests (10) equivalent to a 
heavy mineral oil of the same viscosity (1). Consequently, 
it is expected that the meta-linked ethers will also have 
load-carrying capacity commensurate with their viscosities. 
This factor is now being investigated. 


Remarks 


Although the polyphenyl ethers were developed for the 
general requirements of future turbo-jet engines, their 
properties indicate that they may find application also in 
other fields where extreme conditions are encountered, 
e.g. high-temperature hydraulic fluids and base stocks for 
high-temperature and/or radiation-resistant greases. 
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DISCUSSION 


J. G. Carro_t and S. R. Ca.isH (California Research Corp- 
oration, Richmond, California): 

This paper, by Dr. Mahoney and his co-workers, 
reviews for lubrication engineers the highlights of a good 
piece of work. The development supplements and extends 
preliminary research! 2. 

Polyphenyl ethers are featured as high-temperature 
radiation-resistant lubricants. The story is concisely told; 
these materials may be the ultimate choice of organic 
lubricants for use as environments become more re- 
strictive. 

The development of polyphenyl ethers as high-tempera- 
ture lubricants is an outgrowth of the use of similar materials 
(e.g. a mixture of diphenyl ether and biphenyl) as heat- 
transfer agents since the 1930’s*-4. Because of high inherent 
resistance to heat and to radiation, the related polyphenyls 
(e.g. biphenyl and terphenyls) were proposed as coolants 
for nuclear reactors as early as 19425. They were used suc- 
cessfully in the first organic-cooled reactor experiment in 


19578, 


Physical Properties—The properties cited for the poly- 
phenyl ethers certainly indicate that these materials are 
promising for lubricants. What the new compounds lack 
at low and moderate temperatures is offset by advantages 
at high temperatures. 


Performance Properties—The statement that meta-linked 
ethers are essentially as stable as para-linked ethers may 
hold only for the conditions reported, i.e. for the oxidizing 
condition at the temperature shown. In the work by 
Colichman (6), para-terphenyl was shown to be significantly 
more stable to electron radiation at both 85 F and at 660 F 
than were the ortho- or the meta-isomers. Similarly, the 
para-terpheny] showed significantly lower radiolytic polymer 
formation and gas evolution than the other isomers after 
about 10!° rads (where 1 rad = 100 ergs absorbed per g 
of material) in the Materials Testing Reactor. Colichman 
further showed that the para-isomer could be used as a 
stabilizer in the meta-compound. 

The isoteniscope detects the initial thermal fragment- 
ation which causes a measurable change of vapor pressure. 
It does not necessarily define the useful temperature of a 
lubricant, not does it identify the nature of the decompo- 
sition products. Usually the latter comprise low molecular 
weight materials which can be vented and high molecular 
weight materials which must be tolerated by the system. 
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Most lubrication systems have some tolerance for degra- 
dation products. Therefore, the nature of the thermal 
degradation products and their method of determination 
would have a bearing on the lubricant suitability. 

The projection of ‘“‘very long lifetimes’ at 850 F for 
thermal effects alone should be qualified. This could mean 
hours, days, or years, depending upon whether one is 
concerned with a rocket, a nuclear-powered airplane, or 
a power station. For example, a mixture of biphenyl and 
diphenyl ether operates indefinitely in industrial heat 
transfer applications up to 750 F. 

It is difficult to assess the tendency of materials to form 
coke deposits at high temperatures. This problem is 
particularly important in aircraft turbine lubricants, but 
there is no really good bench test which correlates with 
coking experience in turbine bearings. The WADC 
deposition test gives a fair correlation, while the model C 
panel coke test is poor. In our experience, the small scale 
coker used by Mahoney et al., occasionally gives misleading 
results. Unfortunately, the small quantities of experimental 
fluids and the need for rapid screening dictates the use of 
small-scale equipment. The results reported suggest the 
good stability of the polyphenyl ethers. 


Radiation Stability—Polyphenyl ethers are unquestion- 
ably amongst the most radiation-stable of organic com- 
pounds. The viscosity and gelation data cited are in 
accord with our own and the experience of others. 

It was shown earlier (9) that radiation greatly accelerates 
the oxidation of organic fluids. Polyphenyl ethers also 
follow this pattern. 

The Dornte test measures only the oxygen absorption. 
It puts no value on physical properties after the oxidation. 
However, most lubrication engineers generally agree that 
lubricants degrade (become acidic, corrosive and change 
viscosity) as oxygen is absorbed. The effect of radiation 
on oxidation again underscores the need to design future 
machinery so that lubricants are not exposed to oxygen. 

The brief explanation of the reasons for lowered oxid- 
ation stability after irradiation is indeed plausible. Poly- 
phenyl ethers would yield phenolic radiolytic products 
which in turn would be more easily oxidized than the 
original fluid. Polyphenyls, such as m-terphenyl on the 
other hand, would not yield phenolics if irradiated in 
the absence of oxygen. Instead, several types of products 
would be formed: 


(a) “Doubled up” products, such as hexaphenyl. 

(b) Low molecular weight saturated and unsaturated 
materials from ring cleavage. 

(c) Partially hydrogenated rings. 

(d) Alkylated materials, such as methyl biphenyl and 
alkyl triphenylenes. 


The last three types are all more susceptible to oxidation 
than is the original polyphenyl. 


Lubrication Characteristics—The spot contact of the 
Four-Ball test machine results in extremely high-unit 
loadings. Initial stresses and final stresses for the conditions 
used in Figs. 12 and 13 are shown below. 





| Unit stress (Ib/in*) 





Wear sear diameter (mm) 10 kg | 40 kg 
Initial 290,000 450,000 
0.5 45,000 | 180,000 


1.0 11,000 | 44,000 





At 400 F, the yield strength of hardened 52100 alloy 
steel is about 260,000 lb/in? (75,000 lb/in? unhardened). 
While the steel is probably adequate at 400 F, none of the 
lubricants tested show low wear. The data shown suggest 
that the test is too severe (loads too high) to separate the 
characteristics of the materials tested. 

The gear tests are more realistic. However, the silicone 
may not be a good reference, as these fluids are notorious 
for poor steel-on-steel lubrication. Data from comparative 
tests, with mineral oils, in spur gears (10) would also attest 
to the potentially good lubrication properties of polypheny] 
ethers. 

In conclusion, we concur that the polyphenyl ethers 
offer excellent if not the ultimate organic materials for use 
as lubricants in extreme environments of combined temp- 
erature, oxidation and radiation. We repeat again that 
serious consideration must be given to eliminating oxygen 
in future lubrication systems which will operate in the 
above environment. We also wish to congratulate Dr. 
Mahoney and his co-workers for a significant contribution 
to the art and literature of high-temperature lubricants. 


AuTHors’ CLOSURE: 

In all the oxidation, thermal and radiation stability tests 
made with the meta- and para-linked polyphenyl ethers, 
at most only slight differences in stability were observed. 
However, these results are not necessarily in conflict with 
Colichman’s (4) work with the terphenyls. Colichman’s 
main criterion of radiation and thermal damage was gas 
formation. His results showed that the ortho- and meta- 
terphenyls evolved from two to five times more gaseous 
product under equivalent conditions than did the para- 
compound. However, he also determined the amount of 
polymeric products formed which is quantitatively very 
important since from ten to thirty times more molecules 
of the original compound are involved in polymer formation 
than in gas formation. The polymer formed in p-terphenyl 
during a series of electron irradiations at various tempera- 
tures was at least equal to and in some cases slightly 
greater than that found in m-terphenyl. In one in-pile 
irradiation, the polymer formation in the para-isomer was 
approximately 20 per cent less than that isolated from the 
meta-isomer. 

One of the main problems in the development of new 
materials concerns the choice of meaningful tests to evaluate 
needed performance properties. Such a choice is often 
complicated by lack of information as to the conditions 
to be encountered in the final application and by the desir- 
ability of keeping oil requirements small when screening 
new materials. For these reasons, in the work discussed 
the environmental factors that might be encountered in 
high-temperature applications were examined as separate 











92 C. L. Manoney, E. R. BARNuM, W. W. KERLIN AnD K. J. Sax 


functions, using such equipment as the isoteniscope and 
Dornte oxidation apparatus. Such knowledge as to the 
thermal stability, oxidation stability, etc., is of considerable 
value in interpreting the results of performance tests 
where the environmental stresses are combined and where 
the lubricant and its degradation products undergo complex 
interactions. 


J. D. Rocers (Petroleum Laboratory, E. I. du Pont de 
Nemours and Company. Wilmington, Delaware): 


This paper by the author’s company clearly demon- 
strates the importance of the effects of structure on the 
properties of polyphenyl ethers. It is most encouraging 
that such a considerable amount of effort has been devoted 
to meta-linked derivatives which are certainly of consider- 
able interest for nuclear power plants and high-temperature 
applications. The overall improvements in physical pro- 
perties obtained with meta-linkages and the inertness of 
the aromatic ring appear worthy of extensive evaluation. 

Knowledge leading to the practical utilization of meta- 
linked polypheny! ethers in future gas turbines has been 
advanced considerably by these laboratory studies. The 
physical properties are remarkably good considering the 
extreme high temperatures where they may be used. The 
viscosity of preferred types may be too high to meet the 
stringent low-temperature properties for today’s 9236 oil. 
However, this is a trend which has also been indicated by 
other types of high-temperature lubricants which have 
been evaluated in our laboratory and in full-scale engine 
equipment. 

Fluids of superior thermal stability represent an engin- 
eering challenge for the design of lubricant systems of 
the future. As an example, Mach 3 and higher-speed 


weapon system require operational capability at —65 F. 
This capability could probably be achieved. now by a 
heated oil system designed around the viscosity and 
volatility properties of the polyphenyl ethers and other 
lubricants known to be effective at high temperatures. 

It will be interesting to see the complete results of 
lubricity tests on the more desirable meta-linked ethers. 
It would be of interest, also, to know whether additives 
enhance the lubricity of these lubricants to a level com- 
mensurate with the expected applications, and if so, what 
effect these additives have on the high-temperature stab- 
ility of these formulated ethers. 

Investigations of the type described in the paper demon- 
strate that the state of the art regarding the lubrication 
of gas turbines is being advanced, and that useful applic- 
ations can be extended beyond bulk oil temperatures of 
400 F. The authors are to be commended for their con- 
tribution in making this laboratory information available 
on the polyphenyl ethers. 


AuTHORS’ CLOSURE 

With regard to the comments of J. D. Rogers, additional 
evaluation of the lubrication characteristics of the poly- 
phenyl ethers is the greatest present need in determining 
their performance limits. Preliminary work suggests that 
good performance may be obtained in high speed bearings. 
Gear tests indicate that the ethers have load-carrying 
properties comparable to mineral oils of the same viscosity. 
This is all that can realistically be expected and represents 
an appreciable advantage over other aromatic substances 
of similar stability. At high temperatures, where viscosities 
are low, additives may be needed for heavily loaded gears. 
Conventional additives do not have sufficient stability for 
high temperature applications and their use would appreci- 
ably reduce the stability limits of the ethers. 











The Influence of Silicon Additions on Friction and Wear of Nickel Alloys 


at Temperatures to 1000 F 
By DONALD H. BUCKLEY! and ROBERT L. JOHNSON? 


Small additions of silicon have considerable beneficial effect on performance on slider alloys. 
This effect has most frequently been attributed to increased hardness. The research reported 
was conducted to consider a hypothesis that the primary role of silicon in slider alloys is one 
of supporting the formation of protective surface films. 

Friction and wear data were obtained at temperatures from 75 to 1000 F with a series of 
binary silicon-nickel alloys containing up to 10%, silicon. Pertinent hot hardness, metal- 
lurgical and surface-film analysis data are included. Atmospheres used were air, mixtures 
of oxygen and argon, a mixture of hydrogen and nitrogen, and a halogenated methane gas 
lubricant. 

The results show the role of silicon as a film former to be of great importance in success of 
silicon-containing alloys as slider materials for extreme temperatures. The range of variables 
studied gave friction coefficients from 0.05 to > 10.00 depending on film formation tendencies. 
Alloys with 5°% or more silicon having a duplex structure showed the best results. Film 
formation resulted from surface reactions or the smearing of the softer phase from the alloys 








having duplex structure. 


Introduction 


EXTREMELY high temperatures (e.g., 1000 F) must be anti- 
cipated for lubricated parts in future powerplants of 
aerodynamic and space vehicles. Many factors important in 
high-temperature lubrication require careful study including 
the interaction of the atmospheres, the lubricants and the 
metals for lubrication. In this paper primary consideration 
is given to the influence of one alloy constituent, silicon, on 
the performance of metal alloys for lubrication. 

Numerous instances are reported in the literature (1-3) 
where the presence of a small amount of silicon in bearing 
metals has contributed to successful operation. The reasons 
why silicon additions have been helpful are not clear. The 
increase in hardness by the additions of silicon has received 
more consideration than any other single factor when the 
role of silicon in slider alloys has been discussed. Hardness 
alone is not the answer, however, because hardness, per 
se, gained by other methods will not give similar benefits. 
Various investigators have indicated that surfaces of bearing 
alloys containing silicon show evidence of glazes (4). NASA 
experience with nickel-, and copper- and iron-base alloys 
containing silicon has also shown (5), (6) the importance 
of films that could be glazes. In complex alloys it is difficult 
to assign responsibility for a common observed phenomenon 
such as glazing, to one of the many constituents. 





Presented as an American Society of Lubrication Engineers 
paper at the Lubrication Conference held in New York, N.Y., 
October 1959. 

1 Aeronautical Research Engineer, NASA—Lewis Research 
Center, Cleveland 35, Ohio. 

2 Head, Lubrication Section, NASA—Lewis Research Center, 
Cleveland 35, Ohio. 
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Silicon in metals reasonably can be expected to have a 
surface film effect that is out of proportion to its concen- 
tration in the alloy. Reference (7) indicates that, as surface 
films of oxides are formed on metals, the concentration of 
the refractory oxide such as SiOg may be four times that 
represented by the amount of metal (silicon) in the compos- 
ition of the base alloy. With highly-alloyed compositions 
of steel, the oxide layers adjacent to the metal may consist 
entirely of the refractory oxide. 

The common observation of surface glazes with alloys 
containing silicon may be explained by two facts. First, 
elemental silicon is extremely reactive with oxidizers and, 
in practice, it is perhaps more widely used as an oxygen 
“getter’’ in alloys than for any other single purpose. Second, 
SiOg2 is one of the most common and effective vitrification 
agents for glass (8). 

The glazes formed on slider surfaces are amorphous 
films that are probably ot eutectic compositions. Since low 
melting point is usually associated with low shear strength 
(9), it is likely that surface shear occurs in the glaze film 
rather than in the metals or in the substrate oxides. This 
condition is conducive to low wear. By broadening the 
temperature range for softening of surface glazes, a vitri- 
fication agent can contribute to low friction. Thus, viscous 
shear may be obtained in the surface layer over a sub- 
stantial range of experimental lubrication conditions. 

The objective of this research was to clarify experiment- 
ally the role of silicon in slider alloys by evaluating the 
importance of the film formation concept described 
previously. The experiments were simplified by using 
specially cast binary silicon—nickel alloys with varied 
amounts of silicon up to 10%. Nickel alloys are of particular 
interest because they can be used in extreme temperature 
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lubrication with gases such as CF2Breg (10). To evaluate 
the role of surface reaction films, data were obtained in a 
reducing gas, in gases containing varied amounts of oxygen, 
and in a halogen-substituted methane. Friction and wear 
data were obtained with a 3% in. radius hemisphere sliding 
on the flat surface of a rotating disk; the load was 1200 g, 
ambient temperatures were from 75 to 1000 F, and the 
sliding velocity was 120 ft/min. 


Materials 

The friction and wear test specimens used in this 
investigation were a widely used wrought Ni-Cr—Fe alloy 
(70% Ni, 15% Cr, 5-9% Fe, plus traces of Si, C, Mn, S, 
Al, Ti, Cb), cast nickel (99.4% Ni with especially low 
carbon) and four cast silicon-nickel alloys of various 
silicon contents: 2.5%, 5.0%, 7.5% and 10.0%. In all 
experiments the disk and rider were of the same material. 
The binary silicon—nickel alloys were prepared at the 
Lewis Research Center by the addition of the necessary 
percentage of silicon to 3 lb heats of nickel. The nickel 
was held at a temperature of 2750 F and the silicon was 
added. The molten alloy was then centrifugally cast in 
molds at a temperature of 1600 F. The alloy was then 
cooled in the mold to room temperature. The same pro- 
cedure was followed for the nickel and the four silicon— 
nickel compositions. Since the alloy preparation was not 
accomplished in a vacuum furnace it was anticipated that 
a small portion of the silicon oxidized to form silicon 
dioxide (SiOz) and existed in the structure as such. Chem- 
ical analysis based on total oxygen present indicated that 
the maximum SiOz content was 0.05%. The SiOz would 





Dona.p H. BuckKLey AND RoBErT L. JOHNSON 


be stable under all the conditions of these experiments 
including the reducing atmosphere. In the reducing 
atmosphere a temperature in excess of 2000 F would be 
needed to reduce the SiOz. 

The phase diagram for the silicon-nickel system (11) 
indicates that two phases exist within the range of 0-10°% 
silicon. The first or «-phase is essentially a solid solution of 
silicon in nickel and exists in alloys from 0-5% silicon. 
From 5% to approximately 12°% silicon, a new phase is 






a@ PHASE —~ 








(d) 


Fic. 1. Photomicrographs of silicon-nickel alloys x 250. 


TABLE 1 
Hardness Data 

















| Standard | Knoop microhardness | Rockwell superficial hardness 
Rockwell 
Alloy Area Room temperature 
composition Room Room 600 F 1000 F 
temperature | Knoop scale | Conversion | temperature 
| to Rockwell | 
Nickel Normal surface Rp45-65 Rp61 Rp9 Rzl 
Wear track Rp68 
2.5% silicon- Normal surface Rp69 KHN 138 | Rp69 Rp63 Rzs8 Rp4+ 
nickel 
Wear track Rp68 
5.0% silicon— | Normal surface Rp84 | Rp84 Me33, | ~ Ry33 
nickel 
a-Phase® KHN 138 Rp69 
B-Phase” KHN 265 Rc23 
7.5% silicon— Normal surface Rc30 Ro30 Rc30 | Rp94 
nickel | 
a-Phase* KHN 360 Rc36 
x-Phase” KHN 677 Rc59 
Cored area KHN 215 Rp93 
10.0% silicon— | Normal surface Rc41 | Reflav. | Refi av. | Re31 av. 
nickel | (31-51) | (21-61) | (461) 
a-Phase* KHN 384 Rc38 
B-Phase” KHN 677 Rc59_ 
Ni-Cr-Fe alloy | Normal surface Rc29 ee Rc27 | Rce23 














* a-Phase, represents solid solution of silicon in nickel. 
> 8-Phase, NisSi compound. 
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formed at the grain boundaries. This second or B-phase is 
the compound NigSi (see Figs. 1 (a) to (d), and phase 
diagram in ref. (11)). The 7.5% silicon—nickel (Fig. 1 (c)) 
had cored (variable solid solution) areas as indicated. 
These areas could have been reduced in size by holding 
the alloy at solution temperature for a prolonged period 
and cooling rapidly; however, it is doubtful that they could 
be eliminated completely. A commercial grade 7.5% silicon— 
nickel had cored areas and a metallurgical structure almost 
identical to the alloy prepared at Lewis Research Center. 

Hardness data for the metals used in this study are 
presented in Table 1. In addition, to the standard Rockwell 
hardness, Knoop microhardness, and hot hardness data 
were obtained. The Knoop microhardness indentations for 
the 2.5%, 5.0%, 7.5% and 10% silicon—nickel are shown 
in the photomicrographs of Fig. 1 (a) through (d). The 
hot hardness data were obtained with a modified Rockwell 
superficial hardness tester at temperatures of 600 and 
1000 F. The method for hot hardness testing was adapted 
from that of (11). 

The gases used in this investigation were: air, 7% oxygen 
in 93% argon, 40% oxygen in 60% argon, 7% hydrogen 
(He) in 93% nitrogen (Ng) (forming gas), and dibromodi- 
fluoromethane (CF2Bro). 


Apparatus 


The apparatus used in this investigation is described in 
detail in (10) and is shown schematically in Fig. 2. The 
basic elements of the apparatus consist of a rotating disk 
specimen (2} in. diameter) and a hemispherically-tipped 
rider specimen (3% in. radius). 
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Fic. 2. Diagram of friction apparatus. 


The rider specimen is stationary and in sliding contact 
with the rotating disk specimen. The disk was rotated by 
means of an electric motor through a variable-speed trans- 
mission, Loads were applied to the rider specimen by means 


G 


of a dead-weight system. The frictional force was measured 
directly by means of four strain gauges mounted on a 
copper-beryllium dynamometer ring. The frictional force 
was continuously recorded on a strip chart potentiometer. 
After the experiment, the wear volume was calculated from 
the measured diameter of the wear area on the rider 
specimen. 

The gases were introduced into a 2 1. test chamber which 
enclosed the disk and rider specimen. The test chamber 
was heated by means of strip heaters mounted on the outer 
walls and concentric ring heaters in the chamber base. The 
temperature was measured by a chromel-alumel thermo- 
couple located along the side of the disk specimen. The 
temperatures were varied from 75 to 100 F. 


Procedure 


The rider and disk specimens were finish ground to from 
2 to 4in. Prior to experiments the rider and disk were 
given the same preparatory treatment, which consisted of 
the following: (a) a thorough rinsing with acetone to remove 
oil and grease from the surface, (b) polishing with moist 
levigated alumina and a soft polishing cloth, (c) the speci- 
mens were thoroughly rinsed in tap water followed by 
distilled water, and (d) the specimens were rinsed with 
absolute ethyl alcohol and finally with C.P. acetone to 
remove any trace of water. 

The details on the system of transfer of gases to the test 
chamber are presented in (10). The test chamber was 
purged for a 15 min period prior to starting the run. The 
gas-flow rates and mixtures used in the purge were the 
same as those employed in the run. At the completion of 
the purge the run-in procedure was initiated. 

The run in was started with an initial surface speed of 
55 ft/min and incremental loads of 200, 400 and 600g 
applied in 1 min intervals. A 1200 g load was then applied 
for a period of 2 min at the end of which time the surface 
speed was increased to 120 ft/min. This speed was main- 
tained for the duration of the 60 min run. 

The run-in procedure was found necessary as a result 
of some previous work with lubricating gases, which showed 
that if the run was started with high load and speed, surface 
failure of the specimens was apt to occur. The inadequate 
lubrication was attributed to the lack of sufficient time for 
the formation of a reaction film. Careful run in employing 
reduced speed and incremental loading, formed an adequate 
reaction film, which markedly reduced the initial high 
friction and wear. 


Results and discussions 


References (1-3) as well as other sources, have suggested 
that one reason silicon is important in slider alloys is because 
it increases hardness. Two nickel-base materials of approxi- 
mately equal hardness were run in order to learn if other 
factors were also important. The Ni—Cr—Fe alloy contains 
only trace amounts of silicon and is of hardness equivalent 
to 7.5% silicon-nickel (Table 1). Results obtained in 
experimental runs at 75 to 100 F with these two alloys 
are presented in Fig. 3. The friction coefficient for the 7.5% 
silicon-nickel (0.5) was much less than for the Ni-Cr—Fe 
alloy (0.8) over the entire temperature range; the wear was 
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one-third of that for Ni-Cr—Fe alloy. The differences in 
friction and wear of the two nickel-base alloys was caused 
by some factor other than hardness such as film formation 
properties. 

A further examination of the influence of silicon was 
made with a 2.5% silicon-nickel alloy. A 2.5% silicon- 
nickel was used because it was a single phase alloy and thus 
could be compared with nickel and the Ni-Cr-—Fe alloy. 
Friction and wear experiments were conducted with the 
alloy in air and in a reducing atmosphere at 75, 600, 
and 1000 F. The results are presented in Fig. 4. In air, 
the coefficient of friction for the 2.5% silicon—nickel 
decreased with increasing temperatures. Increasing temp- 
eratures also decreased the hot hardness (Table 1) and 
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Fic. 3. Friction and wear of 7.5% silicon—nickel compared with 
a commercial nickel-chromium-iron alloy. 


probably decreased the shear strength of the metal. Friction 
fundamentals would suggest that the influence of decreasing 
hot hardness alone would be to increase the friction co- 
efficient (f = S/H, where S = shear strength, H = hard- 
ness, see ref. (9)). The influence of decreasing hardness 
combined with decreasing shear strength might be to give 
essentially constant friction coefficient with increasing 
temperatures. Neither result was observed. The observed 
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Fic. 4. Friction and wear of 2.5% silicon—nickel on 2.5% silicon- 
nickel in air and a reducing gas. 


behavior showed decrease in friction and wear with in- 
creasing temperature, greater friction in a reducing atmos- 
phere than in air, and extreme differences in wear (two 
orders of magnitude) in air and in the reducing atmosphere 
at 100 F. These observations emphasize the importance 
of surface reaction films. A reaction film can give a reduction 
in the shear term that would be proportionally greater than 
the reduction in hardness with increasing temperatures. 
A comparison of data obtained in air and a reducing 
atmosphere indicates greater friction and wear for 2.5% 
silicon—nickel in forming gas where surface film formation 
was not possible. As mentioned earlier, residual SiO2 
formed during casting was probably present and could have 
a beneficial influence in the reducing atmosphere. X-ray 
diffraction analysis of the wear debris from the 2.5% 
silicon—nickel run in air at 1000 F indicated the composition 
of the debris to be essentially silicon dioxide (SiOz) and 
metallic nickel; alloys with more silicon had wear debris 
that gave diffuse patterns indicating amorphous material. 


Room Temperature Data 


Friction and wear data were obtained in various gas 
atmospheres for silicon—nickel alloys containing from 0 to 
10% silicon. The friction results are presented in Fig. 5. 
The friction coefficient for nickel in a reducing atmosphere 
was extremely high (> 10.0). The specimens seized and the 
run had to be stopped to prevent damage to the apparatus. 
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Fic. 5. Coefficient of friction for silicon—nickel alloys in various 
gases at room temperature. 


The additions of silicon in the nickel alloys resulted in 
significant reduction in friction coefficient even in the 
absence of oxygen. The presence of residual SiOz (<0.05%) 
in the alloys could have influenced the result although 
X-ray diffraction of the wear debris did not show the 
presence of SiOz. 

In experiments conducted in oxygen-containing atmos- 
pheres (air, 40% Oz in argon, and 7% Os in argon) the 
friction coefficient decreased with increasing percentage of 
silicon. Varying the oxygen constant of the atmosphere from 
7 to 40% had very little influence on the results obtained. 

The gas CF2Brz has a boiling point of 76 F and in the 
friction experiments at room temperature the gas condensed 
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on the test specimens, resulting in essentially boundary 
lubrication by liquid. Comparison of data with the lubricant 
in the liquid rather than the gaseous state would not 
properly reflect the influence of silicon in the alloys; 
therefore no room temperature data are presented. Much 
lower friction and wear were obtained in CF2Bre than in 
any of the other atmospheres. 


120 FPM; 1200 GMS; | HR 











4.0x1073 GASES 
a © AIR 
« D 40% Op : 60% A 
z \ & 1% He: 93% N 
~ 4 CF2Bro 
Zoat \ 
a 
| 
w 
= 
x I6 
Ww 
r=] 
= 
8 
1 
° ao 5.0 1A.) 10.0 


Fic. 6. Wear of silicon—nickel alloys in various gases at room 
temperature. 


The wear of the rider specimen was extremely high for 
nickel in all atmospheres (Fig. 6). As the percentage of 
silicon increased the wear decreased. With silicon content 
above 5%, the wear was relatively constant with no signi- 
ficant difference regardless of atmosphere. 


600 F Data 


Friction and wear data were obtained in various gas 
atmospheres for silicon—nickel alloys at 600 F. In general, 
the friction coefficient at 600 F (Fig. 7) was lower for all 
atmospheres and silicon percentages than the values 
obtained at room temperature. Results obtained in air 
and forming gas were similar. With CF2Bre the friction 
coefficients were in the range of good boundary lubrication. 

Wear at 600 F (Fig. 8) was lower than at room tempera- 
ture for the 2.5% silicon—nickel. With CF2Bre gas, wear 
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Fic. 7. Coefficient of friction for silicon—nickel alloys in various 
gases at 600 F. 
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Fic. 8. Wear of silicon—nickel alloys in various gases at 600 F. 


was extremely low for all silicon-containing alloys as well 
as for the nickel. 


1000 F Data 


In general, at 1000 F the friction decreased with increas- 
ing percentage of silicon in both reducing and oxidizing 
atmospheres (Fig. 9). An increase in silicon content from 
2.5% to 5.0% results in a marked decrease in friction 
(1.0 to 0.6). This decrease can be related to the change in 
alloy structure, from a single phase to a duplex structure. 
The friction was very low (f = <0.1) with CF2Bre for all 
compositions and equivalent to effective boundary lubri- 
cation. 

The wear results (Fig. 10) indicate that even relatively 
small additions of silicon to nickel markedly reduce the 
wear in an oxygen-containing atmosphere at 1000 F. The 
2.5% silicon-nickel had nearly the same hardness as nickel 
at 1000 F. The wear of nickel was so catastrophic as to 
prevent reasonable wear measurement; it was, however, 
many times that measured for 2.5% silicon—nickel. The 
wear with the 5.0, 7.5 and 10% silicon-nickel alloys was 
insignificant compared with that obtained with nickel and 
2.5% silicon nickel in the reducing atmosphere at 100 F. 


120 FPM; 1200 GMS; | HR 
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Fic. 9. Coefficient of friction for silicon—nickel alloys in various 
gases at 1000 F. 
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The significant reduction in wear observed with higher 
silicon-containing alloys is due to the duplex structure of 
the alloys. The duplex structure consists essentially of 
two alloy phases, one that is relatively soft (the «-phase) 
and one that is relatively hard (the B-phase). The softer 
phase appears to be smeared over the harder (Fig. 12 (b)). 
The wear data obtained in CF2Br2 was lower for all alloys 
containing silicon, as well as for nickel, than that obtained 
in any other atmosphere. The low wear rate was due to 
the effectiveness of the halides formed as boundary lubri- 
cants. 


Discussion of Mechanism 


The concept that increased hardness accounts for the 
good friction and wear properties of silicon-containing 
alloys is not adequate to explain the results reported herein. 
The data obtained with the Ni-Cr-Fe alloy and 7.5% 
silicon-nickel should be noted especially. Although the two 
materials had similar hardness the 7.5% silicon—nickel gave 
much lower friction and wear than the Ni—-Cr—Fe alloy at 
all temperatures investigated. Further, data obtained with 
nickel and 2.5% silicon—nickel in air at 1000 F, where both 
materials possess the same hardness, indicated marked 
differences in friction and wear. Figs. 10 and 11 show that 
the wear was substantially lower for the 2.5% silicon—nickel 
than for nickel. 
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Fic. 10. Wear of silicon—nickel alloys in various gases at 1000 F. 


The improved friction and wear properties of binary 
nickel alloys containing silicon may be attributed to the 
strong affinity of silicon for oxidants at high temperatures. 
The oxidation of silicon can result in the formation of such 
compounds as silicon dioxide (SiOz) or silicon tetrabromide 
(SiBr4). A compound such as SiOz may combine with the 
low metal oxides or function alone in forming a surface 
glaze. The surface glaze serves to reduce friction and wear. 
This effect is indicated in Fig. 12 (a) where preferential 
oxide formation builds up in the silicon-rich areas of the 
grain boundaries. No similar surface was observed with 
specimens run in forming gas (Fig. 12 (b)). 








Fic. 11. Photomicrographs of wear areas on nickel and 2.5% 
silicon—nickel rider specimens after runs at 1000 F x 15. 


In a halogen-containing atmosphere, a somewhat similar 
result was obtained. With the bromide-containing gas, 
CF2Bre, the reaction product with the silicon of the alloy 
was silicon tetrabromide. The preferential reaction of the 
bromine with the silicon-rich areas is indicated in Fig. 
12 (c). This effect was not observed in the forming gas 
atmosphere. 

The mechanism believed responsible for the relatively 
low friction and wear values obtained with 5.0%, 7.5°% 
and 10% silicon nickel in forming gas was dependent upon 
the duplex structure of these alloys. The predominant 
mechanism here is physical rather than chemical, as postu- 
lated in the introduction. The relatively soft «-phase 
(silicon—nickel solid solution) is smeared across the harder 
B-phase (NigSi) resulting in relatively-low friction and wear. 





(b) (c) 
Fic. 12. Photomicrographs of wear tracks on 10% silicon—nickel 
disk specimens run in various gases at 1000 F x 15. 
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Similar behavior has been observed in unreported work 
done at NASA with cemented carbides, where the softer 
binder material was smeared over the hard carbide surface. 
Also the same mechanism might well function in other 
atmospheres where the reaction of silicon is insufficient 
to provide a surface glaze. It must be noted, however, that 
under conditions where it remains a stable compound the 
residual SiOz formed in casting may be important to the 
slider behavior. 


Summary of results 


A study was made of the effect various percentages of 
silicon additions had on the friction and wear properties 
of nickel. Experiments were conducted in various gas 
atmospheres at temperatures up to 1000 F. The following 
observations were made: 


(1) Surface reaction films formed in oxidizing atmos- 
pheres (containing oxygen or bromine) are formed more 
readily with nickel alloys containing silicon. Formation of 
reaction films is accelerated by elevated temperatures. 
These surface films serve to reduce friction and wear. 


(2) A soft-phase surface flow mechanism was observed. 
This mechanism was of predominant importance in a 
reducing atmosphere. Nickel-silicon alloys containing 
5-10% silicon have a duplex structure; during sliding, 
surface flow of the softer «-phase (SiNi solid solution) 
over the harder B-phase (NisSi) provides a beneficial 
surface film. 
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DISCUSSION 


M. B. PeTersON (Bearing Center, General Electric Co., 

Schenectady, New York): 

This paper contains a most interesting approach to 
friction and wear studies; it is, however, a most difficult 
one due to the large amount of work that must be done 
in preparation for a few friction tests. Nevertheless, it is 
felt that this sort of approach will add considerably to our 
understanding of dry sliding friction. 

In this paper the authors have studied the role of silicon 
in high-temperature sliding. They have proposed two 
mechanisms to explain the data. These two mechanisms, 
oxidation and shearing of the softer phase, they have 
termed film-forming tendencies. They have shown that 
these film-forming tendencies are more important than 
hardness in determining the sliding characteristics. 

The proposing of two mechanisms is based on the friction 
and wear data at 1000 F since the 2.5% silicon alloy gives 
similar friction and wear data in air or forming gas at room 
temperature and 600 F. Further, the friction and wear 
curves with increasing silicon content show continuous 
transitions as the silicon content is increased to 10%. 
Accordingly if we do not consider the one point (2.5 Si, 
1000 F, forming gas) the data appear as if one mechanism 
is responsible. 

I do not feel that the authors hypothesis of the shear 
and flow of the soft phase would be hindered by proposing 
it for the whole range of silicon content especially since 
they say that without careful “run in’, failure might occur. 

My second question concerns the proposed low shear 
strength hypothesis. It is known that in galling that the 
area of shear can increase during sliding. It has been 
suggested that such a hard phase can prevent this gross 
build-up of the area and thus reduce the friction and wear. 
Do the authors think that such a mechanism could also 
be taking place in these tests? 


R. A. Kozzik: 

The authors’ work has indicated the important effect 
that silicon can have on increasing the wear resistance of 
cast nickel. More importantly, they have suggested that 
this is largely due to the tendency of silicon to form pro- 
tective surface films in oxidizing atmospheres. If true, this 
suggests another approach to the problem of developing 
alloys having improved anti-wear and anti-galling proper- 
ties. 

It would be appropriate for the authors to comment on 
the following features that can be observed in their experi- 
mental data. 

Figure 5 shows that, at room temperature, the silicon-free 
nickel alloy had a much higher coefficient of friction when 
tested in forming gas than when tested in an oxygen- 
containing atmosphere. Since little or no silicon was present 
in the alloy, what was the reason for this improvement? 

The 2.5, 5.0, 7.5 and 10% silicon alloys (Fig. 5) showed 
comparatively minor differences in frictional coefficient 
regardless of the testing atmosphere. In fact the 10% 
silicon-nickel alloy had the lowest coefficient of friction 
when tested in forming gas. How is this compatible with 
the SiOz film-formation hypothesis? 
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Figure 6 illustrates these comments even more markedly, 
with respect to wear rate. Thus, Figs. 5 and 6 very nicely 
show that silicon additions decrease the coefficient of 
friction and wear rate of nickel-silicon binary alloys. 
They are less convincing with regard to the effect of 
atmosphere maintained during testing at room temperature. 
If the improvements are ascribed to the soft-phase surface- 
flow mechanism cited, then it would seem that a silicon- 
free nickel should be superior, since its matrix is the softest 
(see Table 1). Actually it is not superior. 

The data presented in Figs. 9 and 10, for the tests run 
at 1000 F, seem to support the SiOz film-formation hypo- 
thesis to some extent. Even here, the wear rate for alloys 
containing 5% silicon or more was not affected appreciably 
by the test atmosphere at 1000 F (Fig. 10). 

It would seem that while hardness per se is not the sole 
answer to improved wear and frictional characteristics of 
all alloys, oxide film-formation tendencies may not ‘be the 
entire answer either. That each may be one of the many 
factors influencing wear behavior, seems to be quite possible. 


AuTHORS’ CLOSURE 

The comments of Mr. Kozlik serve to focus attention 
to several facets of this research. For example, with nickel 
alloys (silicon-free) of many varieties the friction in air is 
less than in a reducing atmosphere (Fig. 5). Also see 
references (5) and (6). This observation is a result of a 
nickel oxide film preventing contact of nascent metals: 
in air, the NiO film reforms, in reducing atmospheres, it 
will not reform when worn away. 





SiOz formed in alloy during casting (<0.05%) and on 
test surfaces during machining are believed to influence 
the slider behavior. Under the conditions of these experi- 
ments the SiOz present would not be reduced by the 
hydrogen-containing atmosphere. The 10% silicon alloy 
shows lower friction than alloys with lesser amounts of 
silicon because the 10% silicon alloy had a more optimum 
proportion of hard matrix surface area (8-phase) to promote 
the effective soft phase (« plus 8) surface flow. Except for 
residaul films this phenomenon can be independent of the 
SiOz film-formation hypotheses. A duplex structure is 
essential to the soft phase flow hypothesis; this is why the 
single phase metals, including L-nickel and 24% silicon 
nickel, were subject to surface failure under extreme 
conditions. 

The primary working hypothesis in planning this 
research was concerned with oxide film formation including 
the particular contribution SiOg could make. The data 
obtained support this hypothesis but also show that other 
factors, such as the soft phase flow phenomena, can be of 
primary importance where surface reaction films (e.g. 
oxides) cannot be sustained. 

Mr. Peterson suggests that the soft phase hypothesis 
might apply over the entire range of silicon content. The 
concept as advanced requires a two-phase structure which 
does not occur with significantly less than 5% silicon 
content in nickel. The hard phase probably does inhibit 
the progressive increase in shear area during sliding. In a 
similar manner, many types of structural inhomogeneity 
in the metallurgy can inhibit galling of metals. 











Sliding Characteristics of Metals at High Temperatures 
By M. B. PETERSON!, J. J. FLOREK? and R. E. LEE? 


Friction tests were run with a number of metals sliding against themselves. With iron, 
copper, nickel, molybdenum and chromium, high friction and considerable surface damage 
resulted until a particular transition temperature was reached; above this temperature a 
considerable improvement in the sliding characteristics was observed. The transition tempera- 
ture for the various metals was as follows: iron, 100-200 F; copper, 400-500 F; nickel, 
1200-1400 F; molybdenum, 800-900 F; and chromium, 800-1100 F. This improvement 
was associated with the generation of oxide in the sliding track. When tested as lubricants 
a number of the metal oxides were effective in reducing friction and preventing surface damage. 
Since the softer oxides were the more effective it was hypothesized that metals which form 
these oxides would have the better sliding characteristics at high temperatures. The friction 
characteristics of alloys were compared with the frictional characteristics of the major 
constituents. 





Introduction 


A PROGRAM has been under way to gain a better under- 
standing of friction and wear processes at elevated tempera- 
tures. In this report, some of the results of the program are 
presented with particular reference to sliding contact 
bearings. 

It has been shown (1-6) that the friction, wear and 
surface damage is determined by three factors: 


(1) Strength of materials. 
(2) Weldability of materials. 
(3) Film formation: (a) reacted; (b) transferred. 


The changes in these factors with temperature should then 
determine the high-temperature, sliding characteristics of 
materials. 

The loss of strength of a material, accompanied by an 
increase in the weldability as the temperature is increased, 
should have a detrimental effect on the sliding. This has 
been shown by Merchant (4) for copper and magnesium 
where increased friction is associated with the relaxation 
temperature of the metal. This effect has also been reported 
for perfectly clean surfaces of gold and nickel (5), where 
again the rise in friction is associated with the marked 
thermal softening of the metals. 

The loss of strength or hardness of the material should 
also be accompanied by an increase in the wear rate. This 
has been substantiated (6) for various materials such as 
aluminum and brass sliding against tool steel. Lancaster 
reported that an increase in wear was found to correlate 
directly to the loss of hardness. Although such effects are 
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extremely important in choosing high-temperature, sliding 
contacts, the role of surface films, mainly oxides, would 
seem to be a more important factor, especially for contacts 
which must operate at elevated temperatures. 

There has been considerable discussion of the effect of 
oxides and other surface films in the literature. It has been 
shown that certain metal couples, if cleaned perfectly by 
heating in a vacuum, seize completely upon contact and 
have essentially an infinite coefficient of friction. However, 
if even a trace of oxygen is present, the coefficient of friction 
is reduced considerably to values of 1.0 or lower. It has 
also been shown that even when operating in air the presence 
of an oxide is beneficial in preventing seizure and galling 
of metal pairs (7, 8). 

However, to be beneficial, it has been found (5, 9) that 
the mechanical properties of the oxide and its substrate 
material must be such that the oxide is retained on the 
surface. For example, AlgO3, which is harder than Al, is 
completely ineffective in protecting the aluminum surface 
since under load the deformation of the aluminum causes 
a breaking up of the oxide. 

In order to gain a better understanding of the frictional 
characteristics of metals and the role of the oxide in high- 
temperature sliding, tests were run with various metals 
sliding against themselves. These data were then compared 
with alloys which contain these metals as major constituents. 


Apparatus and procedure 


The apparatus used in these tests consists essentially of a 
hemisphere sliding against a flat plate. This particular 
configuration was used as one of the specimens in order 
to confine sliding to a particular area and to allow wear 
measurements to be made after a much shorter running 
time. Figure 1 is a schematic of this apparatus. In this appar- 
atus the support table on which the friction arm is mounted 
oscillates through an angle of 3.5° as the eccentric cam 
rotates. Since the friction arm is rigidly fastened to the 
bearing shaft, it will oscillate through this same angle. The 
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bearing shaft that holds the arm is mounted in ball bearings, 
allowing the arm to move freely in the vertical direction. 
The same load which is applied to the load arm is trans- 
mitted to the specimens. 

As the friction arm moves back and forth, part of the 
friction force is absorbed by the flexure and part is trans- 
mitted through the strain gauge arm at B in the figure. 
The force which this arm carries is recorded on a Brush 
recorder. The magnitude of the friction force is determined 
by previous calibration of the system with dead weights. 

In operation, the friction arm and the sliding specimens 
are housed in a furnace. The temperature of the wall of the 
furnace is controlled at a level that will heat the specimen 
to the desired temperature. Specimen temperature is meas- 
ured by a thermocouple next to the specimen. 





LOAD 


FLEXURE PLATE 





TO STRAIN INDICATOR 


Fic. 1. Schematic of test apparatus. 


The following procedure was used for these tests: The 
friction specimens were cleaned by using repeated applic- 
ations of levigated alumina and water. They were then 
rinsed with pure alcohol. The cleaned specimens were put 
into position and a load of 4.14 lb was applied. The furnace 
was moved into position, and the specimens were brought 
to the desired testing temperature. Friction was continu- 
ously recorded for the first 5 min; friction readings were 
then taken every 5 min. After $ hr the temperature was 
either increased or decreased as the sliding continued and 
the friction force was recorded. At the conclusion of the 
test, the specimens were microscopically examined to 
determine the amount of wear and the extent of surface 
damage. Unless otherwise stated, the standard test con- 
difions were a load of 1880 g (4.14 lb) and a speed of 0.3 
in./sec. The composition of the materials used is shown 
in Table 1. 


Results 


In these experiments friction-temperature curves were 
first obtained on several pure metals using the procedure 
previously given for the reciprocating wear rig. Other tests 
were then run to understand better the role of the oxide 
in high-temperature sliding, and an attempt was made to 
relate these results to alloys which contain these metals. 
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TABLE 1 
Composition of Metals 
Designation Composition (%) 

Fe 99.9 Fe; 0.006 C; 0.005 P; 0.005 Si; 0.004 S 
Ni 99.5 Ni 

Cu 99.9 Cu 

Co 99.4 Co 

Cr 99.9 Cr 

Mo 99.9 Mo 

24% S Al 92 Al; 3.8-4.9 Cu; 1.2-1.8 Mg; 0.5 Si; 0.5 Fe; 


0.3-0.9 Mn; 0.25 Cr; 0.1 Zn; 0.05 max. others, 
0.15 max. others total 
99.5 Zr 
872.0 Ni; 14.0-17.0 Cr; 60.-10.0 Fe; 1.0 Mn; 
0.5 Cu; 0.5 Si; 0.15 C; .015S 
73%Ni, 15% *70.0 Ni; 14.0-17.0 Cr; 5.0-9.0 Fe; 2.25-2.75 
CrX Ti; 0.7-1.2 Nb-Ta; 0.5 max. Si; 0.4-1.0 Al; 
0.3-1.0 Mn; 0.2 Cu; 0.08 C; 0.01 S 
62%Ni,28%Mo} 54.0 Ni; 15.0-17.0 Mo; 14.5-16.5 Cr; 4.0-7.0 
Fe; 3.0-4+.5 W; 2.5 Co; 1.0 Mn; 1.0 Si; 
0.35 V; 0.08 C; 0.04 P; 0.03 S 
65%Ni, 28%Cu)| 62.0-68.0 Ni; 3.5 Fe; 3.5-5.0 Si; 0.5-1.5 Mn; 
0.25 C; Bal. Cu. 


r 
70%Ni, 15%Cr 








Tool steel 82.2 Fe; 6.0 W; 5.0 Mo; 4.0 Cr; 2.0 V; 0.80 C. 
SAE 1020 Steel | 99.1 Fe; 0.6-0.9 Mn; 0.15-0.20 C; 0.05 S; 
0.04 P 
® Minimum 
Pure Metals 


Friction-temperature cycle tests were run with Fe, Cu, 
Co, Ni, Cr, Mo, Al and Zr sliding against themselves. 
These results are shown in Fig. 2 through 6. 

The following trends were observed for the Fe/Fe 
couple (see Fig. 2). Initially, friction was high at room 
temperature and galling was noted. Then the friction 
dropped off markedly as the temperature was increased to 
200 F; above this temperature, the friction then decreased 
to approximately 0.4 at 1000 F. Upon cooling, a similar 
trend was observed. However, the friction did not rise to 
the high initial values previously obtained at room tempera- 
ture. 





COEFFICIENT OF FRICTION 
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400 500 600 300 300 1000 
TEMPERATURE - °F 

Fic. 2. Effect of temperature on the coefficient of friction for iron 
vs. iron during temperature cycling. Load, 1880 g, velocity, 
1.5 ft/min. 


This test was rerun in order to observe the surface for 
damage and film formation. The first cycle was run at room 
temperature, and after a predetermined time, the test was 
stopped. The temperature was increased to 220 F and the 
apparatus was restarted. Upon restarting, the friction was 
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initially high (0.91), but after a few minutes friction 
decreased to a value of 0.65. After this run, the surfaces of 
the specimens were examined, and a thin, dark film, 
presumably oxide, was apparent in the sliding areas. There 
was no visual evidence of oxide in any other areas on the 
specimens. This result indicates that the sliding process 
itself is, to a large extent, responsible for the generation 
of the “run-in” film. 


COEFFICIENT OF FRICTION 
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Fic. 3. Effect of temperature on the coefficient of friction for 
copper vs. copper during temperature cycling. Load, 1880 g, 
velocity, 1.5 ft./min. 


For copper sliding against itself (Fig. 3) friction was 
initially high at room temperature (1.3), then decreased to 
a lower value, increased at 300 F, decreased to a minimum 
value of 0.60 at 500 F and increased again above 1000 F. 
Upon cooling, a low point was reached at approximately 
600 F. As previously noted for iron, the original friction 
value was not obtained upon returning to room temperature. 

The coefficient of friction (0.60) found at the higher 
temperatures was identical to that found by Godfrey (11) 
for solid copper oxide sliding on copper oxide. These 
results indicate that when sufficient oxide is formed on the 
surface, the oxide will support the load itself, and its 
properties will determine the sliding characteristics. 
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Fic. 4. Effect of temperature on the coefficient of friction for 
cobalt vs. cobalt during temperature cycling. Load, 1880 g, 
velocity, 1.5 ft/min. 


Several tests were run with this particular combination 
in order to be assured of the reproducibility of the rise of 
friction at 300 F. This rise in friction indicated that the 
oxide was being removed. This may be explained by the 
fact that the copper becomes softer as the temperature 


approaches the recrystallization temperature. This softening 
facilitates the removal of the oxide. At higher temperatures 
the oxidation is more rapid and more adherent and again 
forms a protective film. 

Numerous tests were run with the cobalt combination 
(see Fig. 4). At room temperature, an initial coefficient of 
friction value of 0.32 was obtained. A slight decrease in 
friction was observed up to 700 F but friction then in- 
creased to a high value at 1000 F. However, above 1000 F 
friction decreased again and reached a value of 0.32 at 
approximately 1400 F. Upon cooling, a maximum friction 
value was obtained in the vicinity of 1000 F and the original 
friction was obtained on returning to room temperature. 

The reason for the increase in friction is not precisely 
known. It is interesting that the rise in friction takes place 
at a temperature where there is a phase change in the cobalt 
(788 F). This may result in a disruption of the surface 
oxide or the formation of detrimental oxides. 

Another test was also run several hours at room tempera- 
ture. At the conclusion of this test there was a thick film 
built up on the slider in the wear area; however, there was 
no film apparent on the flat. 


©- WICKEL VS NICKEL 
©- CHROMIUM VS CHROMIUM 
@- MOLYBDENUM VS MOLYBDENUM 
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Fic. 5. Effect of temperature on the coefficient of friction for 
various material combinations during temperature cycling. Load, 
1880 g, velocity, 1.5 ft/min. 


The same general trends were also apparent with chrom- 
ium, nickel and molybdenum pairs. That is, high friction 
was obtained up to a certain temperature, then followed by 
a reduction in friction (see Fig. 5). With these metals the 
reduction in friction took place at 800 F for chromium, at 
900 F for molybdenum, and at 1100 F for nickel. As with 
the other metals which galled, a hysteresis effect was noted. 
Once the oxide was formed, the low friction would persist 
to lower temperatures upon cooling. It is also noteworthy 
that with molybdenum an increase in friction was found 
to occur at approximately the sublimation temperatures 
(1460 F) of Mo0s3. 

The friction-temperature cycle tests for 24S aluminum 
and zirconium are shown in Fig. 6. For aluminum, a large 
increase in friction resulted as the temperature approached 
the recrystallization temperature (650 F) of this alloy. As 
previously mentioned, the hard AlgO3 would not be expected 
to have much effect with a soft substrate and the rise in 
friction would be due to the thermal softening of the metal. 

For zirconium, low friction was obtained at room tem- 
perature, then friction gradually increased above 500 F. 
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This particular test was not cycled, but stopped at the high- 
est temperature. At the conclusion of the test there was a 
considerable amount of loose powered oxide in the sliding 
area. 
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Fic. 6. Effect of temperature on the coefficient of friction for 
various materials sliding against themselves. Load, 1880 g, 
velocity, 1.5 ft/min. 


Discussion 

Based on the results attained in the tests, the following 
general conclusions can be drawn. As the temperature is 
increased, a large increase in friction and surface damage 
will occur as the material softens. This persists until a 
temperature is reached whereby an oxide film will be 
continually reformed at the sliding surface. At this tempera- 
ture, the sliding characteristics will then be markedly 
improved. 

With metals such as cobalt and zironium, sufficient oxide 
is generated at room temperature to be beneficial. With 
the other material pairs, an increase in the ambient tempera- 
ture is necessary to promote sufficient oxide formation. 
Any temperature effect which tends to remove the oxide 
such as softening (in the case of Cu), scaling or sublimation 
will cause a rise in friction. A similar effect may also be 
hypothesized for cobalt where the volume change could 
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Fic. 7. Effect of sliding cycles on the coefficient of friction using 
various oxides as lubricants. Metal surfaces; Ni base alloys; load, 

17 lbs, velocity, 16.7 ft/min. 


disrupt the oxide. Because of these results attention was 
directed toward the role of the oxide in the sliding process. 


Lubricating Capacity of the Oxide 

There are a number of ways in which the oxide could 
be acting. The oxide could be causing an increase in the 
hardness of the surface layer of metal (12). Also, the oxide 
could be decreasing the effective shear strength of the 
surface by the formation of a reaction film. This latter 
explanation would not seem feasible for compounds like 
nickel and zirconium which forms hard oxide. A fourth 
possibility, but a more remote explanation, is that the loose 
oxide particles reduce friction by rolling between the 
surfaces. 

In order to check the effectiveness of the oxides as soft 
lubricant coatings, several tests were run with the powdered 
oxides as lubricants for an 70% Ni, 15% Cr hemisphere 
sliding against a 73% Ni, 15% CrX surface. The bonding 
of the powdered oxide was, of course, much poorer than 
that of surface reaction film. If, however, an oxide were 
effective in this test, it would certainly be effective if formed 
on the surface. 

The friction coefficients using various oxides as solid 
lubricants at 1300 F are shown in Fig. 7 along with the 
sliding conditions. Each of these oxides except chromium, 
nickel and iron flowed into a continuous solid film and 
prevented the surfaces from coming into contact. When 
NiO, FegQx, or Cr2O3 was placed on the surface, the sliding 
action brushed them from the surface and considerable 
galling resulted. The lowest friction (0.12) was obtained 
with PbO. This result is consistent with other reported 





Fic. 8. Photograph of the sliding track when CuO is used as a 
lubricant specimen composition, 73% Ni, 15% CrX, temperature 
1600 F x 20. 
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results. This friction was approached by molybdenum 
trioxide which gave a coefficient of friction of 0.20. Although 
the friction was high when WOx3 was used, there was no 
surface damage to the slider or flat. A photograph of the 
surface using CuO as a lubricant is shown in Fig. 8. The 
CuO formed a continuous film and prevented metal contact. 
A similar behavior was observed in the case of cobalt oxide 
(Fig. 9). Again the cobalt formed a continuous film and 
prevented surface contact. 

These results show that considerable benefit can be 
gained by using alloys which form a soft continuous type 
of oxide on the surface. These results are also in agreement 
with previous experience obtained with alloys which 
contain a major portion of those elements which form these 
soft oxides. 

The formation of a soft oxide film, however, would not 
explain the data obtained for metals such as nickel and 
zirconium whose oxides are harder than the base metals, 
especially at high temperatures. For those metals which 
form the hard oxides, it is hypothesized that oxide is 
sliding an oxide in much the same way as when two solid 
pieces of oxide are sliding together. 





Fic. 9. Photograph of the sliding track when Co304 is used as a 
lubricant. Specimen composition 73% Ni, 15% CrX; temperature 
1300 F. x 20. 


Alloys 

The friction data for these pure metals were compared 
with values of friction obtained with several typical alloys 
which contain these pure metals. The coefficients of friction 
for nickel are compared with those obtained for 70% Ni, 
15% Cr in similar temperature cycling tests in Fig. 10. The 
friction trends were nearly identical except that the alloy 
had a lower friction than nickel at the low temperatures 
where galling took place. These frictional changes are 
considered within the reproducibility of the experiments. 
It should also be mentioned that the temperatures where 
these frictional changes occurred were also sensitive to load 


and time. A similar drop of friction occurred after a 30-hr 
run at 1000 F. 

The type of surface damage that occurred above the 
transition temperature is compared to that which occurred 
below the transition temperature. The photograph (Fig. 11) 
indicates that some initial surface damage occurred at 
1600 F, but subsequent sliding on the oxide was smooth 
with very little surface damage. At room temperature under 
identical conditions (Fig. 12), there was considerable 
damage with many small welds. 
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Fic. 10. Effect of temperature on the coefficient of friction for 
various material combinations during temperature cycling. 
Load, 1881 g, velocity, 1.5 ft/min. 


The data for tool steel and SAE 1020-steel are shown in 
Fig. 13. This chart shows the coefficient of friction obtained 
using the temperature cycling procedure. For soft SAE 
1020-steel the friction was nearly identical to that of the 
pure iron with a few exceptions. The drop-off of friction 
to a value of 0.40 was at 600 F instead of 400 F, and there 
was a friction increase of above 800 F. 

For tool steel a curve identical to the 1020-steel was 
obtained; however, no rise in friction was noted above 
800 F. The reasons for these variations in friction behavior 
have not been determined at the present time. The important 
point is that above 250 F the frictional behavior of each 
of these materials is almost identical. This indicates the 
important role played by the oxide in high temperature 
sliding. 

The frictional values obtained with Ni—Mo alloy (62% 
Ni, 28% Mo) are compared with those of Ni and Mo (Fig. 
14). It is noted that no similarity exists for the alloy and 
the Ni curves, but there is a marked similarity for the 
molybdenum and the alloy curves. The reduction in friction 
for this alloy occurred at 600 F, with an increasing trend 
above 1000 F. Thus, the frictional behavior of this alloy 
is more related to that of Mo than Ni, even though the alloy 
only contains 28% Mo. A much greater hysteresis effect 
was noted for Mo than for the alloy. This is understandable 
since Mo oxidized faster than Ni, and considering the 
large quantity of molybdenum oxide which can be formed 
at 1300 F. 

The friction curves for a cast Ni-Cu alloy (65% Ni, 
28% Cu) are compared with Cu and Ni in Fig. 15. For the 
alloy, friction decreased slightly around 400 F and upon 
cooling retained this low value. This behavior is not similar 
in any regard to the nickel curve. About the only similarity 
to the copper curve is the reduction in friction about 500 F. 











Fic. 11. Photograph of the sliding track. Specimen composition 
70% Ni, 15% Cr; temperature, 1600 F; load 4.14 Ib, sliding 
time 0.5 hr, velocity 3.7 ft/min. x 20. 





Fic. 12. Photograph of the sliding specimens. Specimen compos- 
ition 70% Ni, 15% Cr; temperature 80 F; load 4.14 lb,; sliding 
time 0.5 hr; velocity 3.7 ft/min. x 20. 
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Fic. 13. Effect of temperature on the coefficient of friction for 
various material combinations sliding against themselves during 
temperature cycling. Load, 1880 g, velocity, 1.5 ft/min. 


Of course, there is considerable difference between the 
properties of this alloy and copper; it is a hardened cast 
alloy while copper is relatively soft. 

For austenitic stainless steels a change in the friction and 
surface damage was not noticeable as the temperature was 
increased. If anything, it was higher due to thermal softening 
at the high temperatures, A photograph of the sliding 
specimens of 310-stainless steel is shown in Fig. 16. 
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Fic. 14. Effect of temperature on the coefficient of friction for 
various material combinations sliding against themselves during 
temperature cycling. Load, 1880 g, velocity, 1.5 ft/min. 


For the 440-series of stainless steel, initial surface damage 
made subsequent sliding very rough; however, a reduction 
in friction was noted at the higher temperatures. 

This data is, of course, limited but it does show that 
there is a correlation between the sliding characteristics 
of the alloys and the oxide formed on the surface. The 
data obtained to date indicates that it is related to the less 
noble major constituent of the alloy. 
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Fic. 15. Effect of temperature on the coefficient of friction for 
various material combinations sliding against themselves during 
temperature cycling. Load, 1880 g, velocity, 1.5 ft/min. 


Summary of results 


Friction tests were run on a number of metals; within 
the limits of the experimental data the following results 
were obtained; 


(1) High friction and considerable surface damage 
resulted with the following metals sliding against themselves 
up to certain transition temperature ; above this temperature 
a considerable improvement was noted in the sliding 
characteristics. 














Metal f< T°) | Ti(°F) | f>T°F) 
Fe 0.98 | 100-200 | 0.45 
Cu | 0.78-1.4 | 400-500 | 0.50-0.70 
Ni 0.92 | 1200-1400| 0.22 
Mo 1.0 | 800-900 0.28 
Cr | 0.50-0.60 | 800-1100 | 0.28-0.32 


} 


This improvement in sliding was associated with the 
formation of oxide in the sliding track. 

(2) With cobalt and zirconium sufficient oxide was 
generated at room temperature to yield effective sliding. 

(3) At a temperature of 1300 F a number of the oxides 
WOs, Cue0, ZnO, Co2O3 and PbO are effective as solid 
lubricants. It is hypothesized that the formation of these 
soft oxides on the metals and alloys yields the most effective 
sliding characteristics. 

(4) There is a relation between the friction properties of 
certain nickel-based and iron-based alloys and that of the 
major constituents. Based on limited data, a reduction in 
friction occurs at a temperature sufficient to promote 
oxidation of the least oxidation resistant component. 
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DISCUSSION 


E. RABINOWICZ: 

The authors are to be complimented on a very fine paper, 
which adds greatly to published information on the frictional 
properties of metals at elevated temperatures. Quite 
striking is the demonstration, through the use of heating 
and cooling cycles, that the friction coefficient is a function, 
not only of the instantaneous temperature, but of the whole 
temperature history of the surfaces. 

We have been working on similar lines to those reported 
in this paper, using some of the same sliding combinations, 
and are able to confirm the validity of the reported friction 
results. For example, the friction-temperature plot for 
cobalt on cobalt reported in the paper is in good agreement 
with data we have obtained for the sliding system cobalt on 
stainless steel (see Fig. Al). Note that both curves show the 
drop in friction from room temperature to 500 F, the mini- 
mum at 500 F, the rise from 500 F to 1000 F, the sharp 
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maximum at 1000 F, and then the drop at higher tempera- 
tures. We have obtained this same curve (or one closely 
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resembling it) no less than ten times with sliding systems 
one of whose surfaces was cobalt or a mixture of which 
cobalt was the major constituent, but failed to obtain 





Fic. 16. Photograph of the sliding specimens. 304 stainless steel, 
temperature 1600 F; load 4.14 lb, sliding time 0.5 hr; velocity 
3.7 ft/min. x 20. 
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anything resembling it some five times with systems of 
which cobalt was a minor constituent. 

In explaining these experimental results, we note that 
cobalt, when heated in air, forms, between 600 and 1600 F, 
double a oxide layer consisting of a thin layer of CogO4 on 
the outside and a CoO layer underneath!. The rise in friction 
at 1000 F might well correspond to the breaking up of the 
underlying CoO layer as its thickness reached some critical 
value. The temperature at which this happened would be 
a function of the sliding conditions rather than some 
absolute critical temperature. A similar dependence of 
friction at high temperature on the sliding conditions has 
been found by us to apply to titanium?. 

Naturally, our explanation of the reasons for the break 
in the friction curve would suggest, in line with our experi- 
mental results, that systems, of which cobalt is a minor 
constituent, would not show the same effect, since the 
mechanical strength of the surface layer would not be 
determined primarily by the thickness of any CoO film 
that might be formed. 


E. N. KLemGarp (Chemical Engineering Research Section, 
Division of Industrial Research, Washington State 
University): 

(1) This reviewer’s comments include nothing but 
praise for the work of these authors, and their extremely 
interesting presentation. The concept of the critical trans- 
ition temperature ranges, such as 1200-1400 F for nickel 
against nickel, and its explanations are valuable contri- 
butions to knowledge in this area. No doubt the authors 
have considered the effects of internal oxidation of their 
metal systems, grain boundary oxidation and effects of 
small amounts of oxides of metal impurities, which may 
have considerable importance in increasing high-tempera- 
ture hardness, with consequent effects on friction and 
wear. It is believed that for oxide impurities having heats 
of formation greater than the oxides of the base metal, 
appreciable increases in hardness and friction improvements 
are possible. A future phase of the investigation should 
reveal the fundamental factors related to such internal 
reactions. 

(2) At Washington State University we have accumu- 
lated the results of over 400 screening and exploratory 
friction and wear tests. Results are normally plotted as 
kinetic coefficient of friction against temperature, time and 
surface travel. To obtain a simple basis for showing progress 
made, and the extent our goals are being achieved in the 
100 to 1700 F range, targets have been selected as follows: 


Phase I—f should not exceed 0.300 in. evaluations with 
cylindrical against flat surfaces, a constant surface speed of 
3.5 ft/min, and total load of 300 1b. All specimens are of 





1 KUBASCHEWSKI, O., and Hopkins, B. E., Oxidation of Metals 
and Alloys, Butterworths, London, 1953, p. 176. 

2 Kincspury, E. P., and Rasinowicz, E., “Friction and Wear 
of Metals to 1000 C,” Trans. Amer. Soc. Mech. Engrs., D, v. 81, 
n. 2, 1959, pp. 118-121. 


one alloy: Udimet 500, Ni-Co-Cr. 

Phase II—same as phase I except that the limiting 
friction value is 0.20 maximum throughout the temperature 
range 100-1700 F. 


Phase IIJ—the limiting f-value is established at 0.10. 
It is understood that values of this order are essential if 
bearings involving predominate sliding friction are to be 
as effective as high-temperature ball or roller bearings, 
ignoring such factors as fatigue, shock resistance, strength 
and spalling. 


With the selection of maximum f-values it is a simple 
matter to screen acceptable systems from those which do 
not comply with requirements. The percentage of run 
time during which f is < 0.30 may be designated a friction 
factor, and while it may represent an oversimplification, we 
have found it quite useful for rating our systems. We are 
frequently advised that there is no correlation between f 
and wear under the high temperature conditions. In view 
of the equation suggested by Rabinowicz, relating sliding 
friction and wear the friction coefficient is of continuing 
importance at high temperatures. 


Z 1 f-f \32 
je - (7, = 





where 
Z = observed wear; 
Zm = wear, unlubricated; 
f = observed coefficient; 
fm = coefficient for no lubricant; 
fs = coefficient for full film 


Our slides will show our approach to correlating this 
dimensionless friction factor with wear as determined by 
wear scar area measurements. 

(3) The possibilities for projecting the basic theories of 
hydrodynamic lubrication at normal temperatures to an 
understanding of the high temperature film rheology of 
glass forming oxides are considered very favorable, and 
will be discussed from another slide. 

(4) Two additional slides will include a metallograph of 
a halide diffusion lubricant in 303 stainless steel, and 
results of a bonded oxide lubricant. 


AuTHors’ CLOSURE: 


I would like to thank Dr. Klemgard and Dr. Rabinowicz 
for their discussions of this paper. Their work as well as 
that which was presented are further illustrations of the 
importance of the oxide and other surface films in sliding. 
The explanations which we have given are merely hypothe- 
ses. From this data it appears that we must go into much 
greater detail to gain a full understanding of the role of 
the oxide film in sliding. 

Because of the significance friction variation with cobalt 
at 1000 F it would seem that this would be a good system 
to begin with. 























Lubrication of Solids at High Temperatures 


By BARRY L. MORDIKE! 


This paper deals with recent work applicable to the problems of high-temperature lubrication 

carried out in the Laboratory of Physics and Chemistry of Solids, University of Cambridge, 

England. Three main aspects are considered (a) friction of lamellar solids, (b) lubrication 
from the gas phase (c) frictional properties of hard metals at high temperatures. 


Introduction 

TuE coefficient of friction and wear of unlubricated metal 
surfaces at normal temperatures are high; but they may 
be reduced readily by the use of conventional (boundary) 
lubricating oils. The main purpose of a boundary lubricant 
is to provide a film which separates the sliding surfaces and 
is in itself easily sheared. Its protective properties depend 
upon the physical and chemical nature of the film as well 
as on the properties of the substrate. The best protection 
is provided by a solid film. At the melting point of the solid 
film, there is a marked increase in friction and damage. 
Most long-chain lubricants, such as metallic soaps, are 
melted or desorbed above 200 C and for effective lubrication 
above this temperature surface films possessing a higher 
melting point must be used. Such lubricants include 
molybdenum disulfide, graphite and other lamellar solids. 
The effectiveness of the lubricant often depends upon the 
manner in which the lubricant film is applied. 

Lamellar solids have been used extensively as lubricants 
for some time. Deacon and Goodman’s work (4) on the 
four lamellar solids, graphite, molybdenum disulfide, boron 
nitride and talc, is reviewed in the first section. The effect 
of manner of application, orientation of the crystallites and 
the mechanism of sliding in particular were investigated. 
In the second section the work of Bowden and Rowe (6) 
on gas lubrication is discussed. The work was restricted 
to lubrication of molybdenum by molybdenum disulfide 
which was formed in various ways. Gas-formed layers had 
the best attachment to the substrate and give the best 
lubrication, indicating the importance of forming a coherent 
lubricant film. Finally the writer discusses his work on the 
friction of the hard metal carbides, boron carbide, titanium 
carbide and tungsten carbide. 


Lubrication by lamellar solids 

In recent years the inherent lubrication properties of 
lamellar solids, in particular graphite, have been questioned. 
In the past the frictional behavior has been explained by 
assuming that shear occurs easily by interplanar slip within 





Contributed by the ASLE Technical Committee on Lubrication 
Fundamentals and presented at the Annual Meeting of the 
American Society of Lubrication Engineers held in Buffalo, New 
York, April 1959. 

1 Institut Metallphysik, Universitat Géttingen, Géttingen, 
Hospitalstrasse 12. Previously at Research Laboratory for Physics 
and Chemistry of Solids, University of Cambridge. 
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the crystal. Several observations conflict with this theory: 
Graphite was reported to show an increase with temperature 
in tensile strength (1) and yet the friction decreased (2). 
Carbon brushes in high-altitude aircraft wear at an ex- 
tremely rapid rate. The friction and wear was found to be 
dependent on atmosphere (3). It was apparent from this 
that the theory did not explain the behavior fully, in partic- 
ular the effect of adsorbed gases from the atmosphere. In 
an attempt to resolve the contradictions, Deacon and 
Goodman (4) investigated the dependence of friction on 
temperature, for four lamellar solids. The result was a new 
hypothesis; it emphasizes that the materials both in powder 
and massive form consist of aggregates of crystallites and 
that the binding forces between these crystallites can be 
of primary importance in determining their friction 
characteristics. 


Experimental Procedure 


The friction apparatus (Fig. 1) explained in detail in the 
paper by Deacon and Goodman, consisted basically of a 
platinum bar, clamped to a heating stage, to which the 
layers were applied, and a fixed hemispherical platinum 
slider which was connected to a spring system on one end 
of a rigid arm pivoted on a horizontal axis at the other end. 
The arm was counterbalanced till the slider just touched 
the lower specimen and the required load was then added 
by weights. The whole arm carrying the slider was mounted 
on a lathe traverse which was driven at constant speed 








Fic. 1. Deacon friction apparatus. A, counterbalance spring. 

B, vertical pivot. C, horizontal pivot. D, main beam. E, return 

spring. F, micrometer driving screw. G, spring strips. H, dead 

load. J, support attached to upper specimen. K, stylus. L, sooted 
glass. M, platinum hemisphere. N, heated stage. 
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(0.3 cm/min) so that the slider traversed the specimen. 
The deflection of the spring system measured the frictional 
force and was recorded by a pointed scribe moving over a 
sooted glass slide. The friction was measured as a continuous 
function of temperature, rather than as descrete points, to 
enable sharp changes to be studied. 





Fic. 2. Electron micrograph of boron nitride crystals. Trans- 
mission electron micrograph of boron nitride crystallites x 28,000. 


The frictional behavior depended upon the way in which 
the lubricant layer was applied and in general, two methods 
were employed: (a) dropping an aqueous suspension of 
the solid on the surface of the platinum bar and allowing 
to dry (called excess layer); (b) as above and then rubbing 
with a cloth (rubbed layer). In the case of graphite and 
molybdenum disulfide, depositions from colloidal suspen- 
sions were also made, mainly because dry rubbed layers 
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Fic. 3. Variation of friction with temperature for excess layers: 

(a) for an excess layer of graphite (intermittent motion is indicated 

by shading); (b) for an excess layer of molybdenum disulphide; 

(c) for an excess layer of boron nitride; (d) for an excess layer of 
talc. 
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were too thick to give any information on the attachment 
to the substrate. In addition to the study of the frictional 
behavior thermogravimetric analysis was conducted on the 
solids to the same temperatures to estimate the extent of 
oxidation and volatilization. The friction track was observed 
by electron microscopy and the orientation, if any, of the 
lubricant layer determined by electron diffraction. This 
combination of four techniques enabled the relationships 
between friction and oxidation and degree of orientation 
and friction to be established. Commercial platinum was 
used as the substrate for the layers to eliminate spurious 
effects caused by oxide films, particularly at elevated 
temperatures, and also to avoid any chemical reaction 
between the lubricant and metal. 


Results 


The electron micrographs showed the powders of all 
four solids to consist mainly of aggregates but occasionally 
individual crystallites were observed and found to be 
plate-like (Fig. 2). The friction results for the excess layers 
are given in Fig. 3. The first effect of heating the lubricant, 
shown by the thermogravimetric analysis curves in Fig. 4 
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Fic. 4. Thermogravimetric analysis. (a) Graphite. (b) Molybdenum 

disulphide; shows change in weight expected for oxidation of 

molybdenum disulphide to molybdenum trioxide. (c) Boron 

nitride; shows change in weight expected for oxidation of boron 

nitride to boric oxide. (d) Talc; shows change in weight expected 
for the loss of constitutional hydroxyl groups. 


is to remove the volatile materials. The effect on the friction 
is generally to increase it. At higher temperatures, when 
oxidation occurs on a larger scale, there is a corresponding 
large increase in friction and wear. The friction of the rubbed 
layers was not fundamentally different from that of the 
excess layers, although the rubbing had removed an appre- 
ciable quantity of the lubricant and had tended to cause 
orientation (Fig. 5). Even the thin layers formed by rubbing 
the deposition from colloidal suspensions produced 
identical results. Simple deposition from the colloidal 
suspension was unsatisfactory, as it was too thin to prevent 
gross metal contact. 


Discussion of Results 
The questions which were of most interest were: 


Is the lubrication of lamellar solids due to weak inter- 
planar adhesion? 
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What part does orientation play? 
What role does the substrate play? 


The similarity of the friction results for excess and rubbed 
layers illustrates that orientation must play only a minor 
part in the mechanism of friction by lamellar solids. Also 
it might have been expected to observe different results 
for excess and rubbed layers on account of the difference 
in attachment to the substrate metal. The brushing aside 
of the excess layers shows that the particles forming these 
layers had simply aggregated into a mass resting on the 
surface of the metal, without necessarily filling the small 
irregularities. The electron micrographs of the layer formed 
by rubbing shows the powder had been forced into grooves 
in the surface (Fig. 6). With a rubbed layer, however, the 





Graphite. Boron nitride. 





Talc. 


Molybdenum disulphide. 


Fic. 5. Electron diffraction patterns from rubbed layers. 


metal substrate was considerably deformed with little or 
no evidence of metal contact. A significant component of 
the frictional force, transmitted mostly by the lubricant, 
must have caused plastic deformation of the metal, whilst 
the shear occurred within the lubricant—in support of the 
suggestion by Greenwood and Tabor (5). With excess 
layers no track in the metal substrate was discernible and 
yet the friction was the same: the thicker layer allowing 
a larger area of contact giving such a low pressure that 
only elastic deformation occurred. 

The frictional behavior of lamellar solids has been ex- 
plained in the past by assuming that shear will occur easily 
by interplanar slip within the crystals; but there are 
several observations which conflict with this theory. A 
simultaneous shear, that is the simultaneous breakage of 
all bonds between two planes, would require an enormous 
force and is very unlikely. By contrast a tensile failure 
which occurs by a separation of the atoms singly, breaking 
the weakest bonds will occur much more readily, and 
explain the very flat cleavage surfaces which are obtained. 


The strength would be low only if the material were cleaved 
from the edge which initiates brittle fracture and the most 
probable failure of a lamellar solid, therefore, would be 
cleavage from the edge. In actual practice materials consist 
of aggregates of crystallites and the forces between the 
crystallites must also be considered. Relatively to poly- 
crystalline metals the crystallites will be incompletely 
attached to each other and an applied stress will only be 
transmitted from one crystallite to another if the adhesion 
is high. The grain boundaries then act as sources of weak- 
ness. The forces which have the greatest effect on the 
strength are: (a) those at the edges of atomic planes; (b) 
those operating between crystallites; it appears that the 
second are of primary importance in determining the 





Fic. 6. Reflection electron micrographs. Upper, abraded platinum 
surface (m1 = 830). Lower, area shown above after forming a 
rubbed layer of molybdenum disulphide (m1 = 830). 


friction characteristics. Certainly the effect of temperature 
and of adsorbed gases on the friction of lamellar solids 
can be very neatly explained in terms of inter-crystallite 
forces. The friction and wear of lamellar solids can be 
increased by outgassing im vacuo. This indicates that the 
adsorbed gases responsible for the low friction are strongly 
bound and that an active portion of the surface is involved. 
Since there is no change in unit cell dimensions on the 
removal of adsorbed gases these must be lost from the 
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surface of separate crystallites. The highly active edges 
will react with Hg0+ Oz to give in air only small forces 
between crystallites and, therefore, low friction. On 
removal of gases the edges will increase the crystallite 
bonding, and hence friction. The effect of temperature is 
to produce a reversible weakening of intercrystallite bonding 
and explains the reduction of friction with temperature. 
Different substances vary only in detail: the interplanar 
spacing and types of atom may vary and increase the 
probability of conventional shear. Also oxides may be of 
low volatility and so decrease the effects of outgassing, but 
the mechanism is basically the same. However, further 
experiments on high temperature steels gave significantly 
different results, emphasizing the fact that the reactivity 
and hardness of the substrate metals are major factors. 


2. Lubrication from the gas phase 


The firm attachment to the surface of the lubricant film 
is of primary importance in determining the lubrication 
and wear. If the film is formed im situ by chemical reaction 
on the surface, the attachment may be improved. One way 
in which this formation may be accomplished is to heat 
the surface in an appropriate gaseous atmosphere. Bowden 
and Rowe (6) conducted a series of experiments to determine 
the effectiveness of gas lubrication. Molybdenum disulfide, 
which as a lamellar lubricant, finds extensive application 
was formed by reaction between hydrogen sulfide and the 
metal. This chemically-formed surface was then tested 
and compared with surfaces prepared in more conventional 
ways. 


Procedure 

Molybdenum specimens were cleaned by heating in a 
high vacuum (10-3 ) to about 1400 C. The room tempera- 
ture value of the coefficient for the clean metal was two. 
Purified hydrogen sulfide was introduced into the system 
and was absorbed onto the surface, reducing the friction. 
The specimens were then heated in the gas to 800-900 C 
for 20 min. The surface was covered with a thick purple 
film which gave good lubrication. An X-ray diffraction 
study showed this film to consist of molybdenum disulfide. 
For comparison specimens were also prepared in two other 
ways: by heating lightly oxidized molybdenum in carbon 
disulfide vapor and by rubbing pure molybdenum 
disulfide crystals onto the metal in air using a degreased 
cotton pad. 


Results 

Results of Bowden and Rowe’s work is shown in Table 1. 

The room temperature value of friction of clean metal 
was reduced on absorption of H2S to f = 0.9 and was 
reduced further to f = 0.2 on chemical reaction at 800- 
900 C for 20 min. This film was stable and gave a low 
friction in vacuum up to 800 C. Above 900 C the film 
decomposed and the friction rose rapidly. The oxidized - 
surface lubricated by carbon disulfide gave almost identical 
results but the surface lubricated by rubbed on molybdenum 
disulfide, although behaving similarly at low temperatures, 
exhibited a higher friction at high temperatures. 


Discussion 

All molybdenum disulfide layers have similar properties 
at moderate temperatures, but at higher temperatures the 
chemically-formed films are most persistent. This is to be 
expected since these films would have a better bonding 
to the surface than a film which is formed simply by rubbing 
molybdenum and molybdenum disulfide together. 

An attempt was made to lubricate other metals and in 
particular steel by a layer of MoSeg rubbed on to them. 
Lubrication was good but only up to moderate temperatures, 
i.e. 600-700 C. Attempts to form a more coherent layer 
of MoSz by chemical reaction of H2S with a sputtered layer 
of molybdenum were unsuccessful for the molybdenum 
layer was not impervious to hydrogen sulfide and iron 
sulfide was formed, preferentially. Since the free energy 
of formation of nickel sulfide, according to Osborn 
(1950) is AF = —38, and that of molybdenum disulfide 
is —40k cal/mole the latter should form preferentially in 
a nickel-molybdenum combination and an impervious 
layer of nickel on the steel—(for example, electroplating), 
should permit the formation of molybdenum disulfide. 
This was found to be so. 

The general conclusions about molybdenum and molyb- 
denum disulfide apply equally well to other solids which 
form the requisite type of compound. Titanium diiodide, 
for example, has a layer lattice structure and surface films 
giving low friction between titanium sliders at high tempera- 
tures can be obtained by heating the clean metal in iodine 
vapor. It appears that such compounds will give good 
lubrication at all temperatures for which the films them- 
selves are stable on the surface. If the appropriate gas or 
vapor atmosphere is maintained the worn films can be 
repaired continuously during the sliding process (7). 


TABLE 1 
Coefficient of Friction of Molybdenum Disulfide Layers 














Temperature (°C) 18 | 600 | 700 | 750 | 810 | 870 | 940 | 1020 1130 
Denuded Mo in vacuo | 2.0 - 2.3. 1.33 723 ~ 2.8 | 3.6 Seizure 
Denuded Mo in HeS | 0.9 | 0.45 - 0.2 | 0.2 | 0.2 0.3 | 0.45 - 
Oxidized Mo in CS2 | 0.9 | 0.6 0.5 | 0.4 | 0.4 - 0.3 | 0.4 0.5 
Mo with MoSe rubbed 

in Air: run in vacuo 0.1 | 0.2 0.3 ~ 0.3 | 0.35 | 0.4 | 0.7 0.1 
Mo with MoS2 formed 
in situ 0.2 - 0.2 ~ 0.2 - 0.3 | 0.45 0.5 
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3. Frictional properties of hard metals at high 

temperatures 

Hard metals are used extensively in tools and wear- 
resistant materials in general. Tools containing hard metals 
can often be used at red heat for prolonged periods. The 
hard metals are becoming increasingly important in the 
more general field of high-temperature technology. They 
are the highest melting point materials and are exceedingly 
strong, although unfortunately brittle. They are reasonably 
stable at moderate temperatures but at very high temper- 
atures will oxidize unless in an inert or carburizing atmos- 
phere. The writer is at present investigating the properties 
of carbides and the frictional behavior is a part of the 
program. 
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Fic. 7. Friction of refractory carbides at high temperatures. 
(a) Boron carbide. (b) Tungsten carbide. (c) Titanium carbide. 


Procedure 

The principle of the experimental method is illustrated 
in Fig. 8. A carbide annulus was rotated with its end 
in contact with a second. The second was stationary and 
the axial (normal load) and torque between the carbides 
was determined to calculate the coefficient of friction. 
These forces were transmitted by the carbon rod to the 
leaf-spring system. Strain gauges were attached to the leaf 
springs and any deflection was recorded by the measuring 
bridge. All experiments were conducted in a carbon tube 
resistance vacuum furnace. The specimens were first 
cleaned by heating to 2000 C for 10-15 min in a vacuum 


(0.1 4). This removed all volatile substances, shown by 
an increase in the value of room temperature friction. 


Results 


The results for the three substances investigated are 
illustrated in Fig. 7. In the case of both titanium carbide 
and tungsten carbide a marked increase in friction was 
obtained by heating to a high temperature (above 1500 C) 
for 10 min in a vacuum of 0.1 ». On increasing the tempera- 
ture the friction of clean carbides first falls and then 
increases rapidly. Boron carbide behaves somewhat differ- 
ently in that the outgassing treatment has very little effect 
on the friction and on heating the friction remains constant 
till about 900 C and then rises continuously until 2100 C. 
In none of the solids could seizure be induced. 
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Fic. 8. Schematic diagram of high-temperature friction apparatus. 


Discussion 


At high temperatures the conventional lubricants are 
useless and although graphite may still provide some 
protection it is questionable whether it would decrease the 
friction. It may be much simpler to have a dry bearing of 
a suitable hard metal. The carbides under investigation 
were generally cubic and from a structural standpoint had 
nothing to suggest that the friction would be low. 

The materials were sintered into the required shape 
without any bonding medium, since it was felt that the 
presence of a bonder would influence the frictional pro- 
perties in an indeterminate manner. It would be difficult 
to distinguish between effects caused by the bonder and 
those due to the carbide. The carbides consist basically of 
crystallites and it is possible to draw a comparison between 
the frictional behavior of the lamellar solids studied by 
Deacon and Goodman, and the carbides. It is possible 
that in the carbides as well as in lamellar solids, the crystal 
structure plays only a minor part in the determination of 
friction: the intercrystallite forces dominating the behavior. 

If the intercrystallite forces weaken on heating without 
a corresponding softening of the carbide crystals themselves 
then a decrease in friction would be expected. The fact 














Lubrication at High Temperatures 115 


that the decrease in friction is observed and that it is 
reversible, i.e. increases again on cooling, favors a simple 
mechanism of this type. 

The carbide pieces are manufactured from the powder 
by heating under pressure in a graphite die. At the tempera- 
ture about which the friction increases the powder sinters 
and the carbides exhibits a measurable plastic flow. The 
increase in true area of contact occasioned by this plastic 
flow would account for the very sharp increase in friction. 
The application of carbides for high temperatures is 
restricted to reducing or inert atmospheres. Bonded carbide 
bearings are already in use in gas-cooled reactors and as 
the upper temperature limit for operating machines in- 
creases their application may be extended. 
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An Investigation of Seal Materials for High-Temperature Application 


By RAYMOND H. BASKEY! 


Novel rotating seal materials were developed by powder metallurgy techniques for potential 
aircraft applications at high speeds and high temperatures. 

A systematic wear study without lubrication included several commercially available 
materials and the following types of experimental materials: (a) pure refractory hard metals, 
(b) binary alloys of refractory hard metals bonded with nickel and, (c) ternary alloys of 
refractory hard metals bonded with nickel and infiltrated with silver. 

Two ternary alloys, containing nickel bonded WB or CrN and infiltrated with silver, showed 
superior wear qualities against either tool steel or a nickel-chromium-iron alloy at a sliding 
speed of 29,000 ft/min under a 14 lb/in? load and at ambient temperatures as high as 1300F. 
A commercial titanium carbide composition showed excellent wear characteristics in contact 
with an identical composition at a sliding speed of 14,000 ft/min under a 16 \b/in® load and 





at an ambient temperature of 1050 F. 


Introduction 


THE purpose of this program was to investigate the pos- 
sibilities of developing improved materials for use as 
rotating seal components in aircraft applications. The 
presently-available conventional liquid lubricants break 
down at temperatures over 600 F. Therefore, it was 
necessary to study surface behavior between two sliding 
components at high temperatures without any conventional 
lubrication. 

The development of the proper seal materials would be 
of considerable benefit since in this application, at least one 
side of the unit operates under relatively poor conditions 
of lubrication, and the amount of metal transfer or galling 
which can be tolerated is extremely small. The seal materials 
were tested under the following conditions: 


(a) Ambient temperatures up to 1300 F. 

(b) Sliding speeds up to 29,000 ft/min. 

(c) Loads up to 16 Ib/in?. 

(d) Without liquid or powder lubrication. 
The present program was divided into three separate wear 
studies in order to fully ascertain the value of including a 
phase with a high percentage of a refractory hard metal. 
The seal materials for these three separate investigations 
were made up as follows: 


(a) Pure refractory hard metals which offered possibility 
of oxidation resistance at high temperature. The term 
“refractory hard metals” refers to high-melting-point hard 
substances (1) which have a metallic character, ie. MoB, 
CrN, or CrSig. 

(b) A binary alloy consisting of nickel and as high a per- 
centage by weight as possible of the refractory hard metal 
(nickel increased the toughness and acted as a binder). 





Presented as an American Society of Lubrication Engineers 
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(c) A ternary alloy containing silver, a nickel binder, 
and as high a percentage by weight (60-90%) as possible 
of the refractory hard metal (the silver acted as a lubricant 
and the nickel provided toughness). Previous work on 
retainer materials (2) for gas turbine bearings has shown 
that the optimum performance to date was obtained with 
this type of ternary material. However, one important 
difference should be noted, namely that the retainer 
program (2) utilized only small percentages (5-10% by 
weight) of the refractory materials. 

These materials were run against disks composed of tool 
steel (composition: 0.89% C, 5.75% W, 4.10% Cr, 1.9% 
V, 5.25% Mo, 9.0% Co, balance iron) and a nickel- 
chromium-iron-alloy (composition: 78.5% Ni, 0.2 Cu, 
6.5% Fe, 0.25% Mn, 0.25% Si, 14% Cr). 

In order to supplement the studies outlined above, 
additional information was gained through experiments 
using a commercial grade titanium carbide compound 
(60% Ti, 25% Ni, 5% Mo, 4.5% Cb, 13.5% C, 0.03% Ta). 


Wear fundamentals 


The problem of primary concern in developing a suc- 
cessful seal material is that of preventing galling. The 
modern theory of friction as advanced .by Holm (3) 
Merchant (4), and Bowden and Tabor (5) ascribes the 
origin of galling almost entirely to adhesion between solid 
surfaces. To minimize friction, wear and surface galling, 
the true areas of contact should be as small as possible; 
thus both surfaces should be hard. Also, the materials of 
the two rubbing surfaces should be metallurgically dis- 
similar. 

The essential properties of the hard phase in materials 
for seals and bearings are two-fold. First, the phase must 
be hard enough so that it provides only a small contact 
area, and second, the phase must not interfere with the 
lubricating action of the softer constituent. The require- 
ments for seal materials are not as critical as bearings since 
the rubbing load is generally smaller (i.e. only sufficient to 
hold the surfaces in steady contact). 
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It appears from the above analysis that a duplex structure 
would be desirable. On the other hand, a three-phase alloy 
offers a double choice of material properties thereby 
enhancing the possibility of achieving a successful result. 
In such a complex structure, the more critical of the three 
materials is the one with the softer surface. Silver is widely 
known as a good slider material. It has little solubility in 
other metals and other characteristics that favor its use 
as a soft phase in duplex bearing compositions. It was 
anticipated that the addition of silver to duplex structures 
would give lower friction and wear rates than those obtained 
with the binary systems alone. 


Equipment and procedure 
In this program, a screening test was necessary to select 
those materials which displayed sufficient promise to 
warrant further examination. As such, the test required 
the following characteristics: 
(a) Reproduce, within limits, conditions similar to an 
actual operating state. 
(b) Use a specimen with a geometry that could be easily 
and economically prepared. 
(c) Acceleration of the test conditions but within the 
limitations of (a) above so that the evaluation can be 
done in a reasonable time in the laboratory. 


Figure 1 is a schematic diagram of the apparatus which 
used two types of specimens: 
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Fic. 1. Diagrammatic sketch of high-temperature, high-speed 
seal testing apparatus. 





(a) Circular disk with raised ridge: These disk specimens 
were rubbed against rotating components consisting of a 
titanium carbide compound at a speed of 14,000. ft/min 
and a load of 16 Ib/in? for 10-30 min. 

(b) Rectangular: These rectangular specimens were held 
against rotating components consisting of either tool steel 
or a Ni-Fe-Cr alloy at sliding speeds of 29,000 ft/min under 
a load of 14 lb/in?. The rectangular shape was selected in 
order to conserve the refractory hard metals and to obtain 
higher speeds by rubbing it at a diameter twice that of the 
circular disk specimens. 

The temperatures were measured by imbedding thermo- 
couples in the disk specimens and attaching thermocouples 
to the rectangular specimens. In addition, a qualitative 
temperature measurement was obtained by using a tempilac 
coating. The coating was applied to the edge of the specimen 
adjacent to the rubbing surface. 

The specimens were heated by a surrounding induction 
coil, In order to cool the shaft and supporting pillars, 


water was circulated through coils adjacent to these parts. 
During the operation of the wear machine, the journal and 
thrust bearings were completely covered with a thin film 
of oil which served to lubricate and cool the bearings. The 
specimens were enclosed in a steel housing as a safety 
measure and air entered the steel housing through the air 
inlet shown on Fig. 1. 

The tool steel was tested at temperatures of 75 F, 600 F 
and 1050 F. The Ni-Cr—Fe alloy was run at 75 F, 600 F 
and 1250 F. Inasmuch as the test conditions were severe, 
a 10 min operating period was sufficient to evaluate the 
materials. At the completion of a test run for a given 
temperature, the specimens and mating disk surfaces were 
checked for the amount of wear and surface condition. 
The amount of wear was measured by means of a micro- 
meter while the surfaces were evaluated by using a micro- 
scope equipped with both polarized and bright field 
illumination. 

Commercial grades of pure refractory hard metal speci- 
mens were purchased from an outside source. A list of 
these together with some of their physical properties is 
given in Table 1. 


TABLE 1 
Physical Properties of Hot-Pressed Refractory Hard Metals 














Refractory | Hardness | Density | % of theoretical) Melting 
hard metal | (kg/mm?) (g/cm) density point (°C) 
VSiz | 1090 4.7 94 1750 
CrSie | — at 95 1570 
WSize | = 1090 9.3 92 2150 
TisSis | 986 5.425. | 78 2130 
CnaBe 1800 SOx: .1 86 oo 
VBe | 2800 5.1 83 2100 
MoB | 1570 | a 80 2180 
TiBe | 2710 4.5 72 2980 
WB | 2530 16.0 | 95 2860 
VN | — 6.1 67 2050 
CrN | — 6.1 85 1500 

| | 











Both the binary and ternary alloys were prepared by 
powder metallurgy. Silver was added by a standard in- 
filtration technique during the sintering operation. Tables 
2 and 3 contain a list of all alloys prepared for this study. 

The refractory hard metals all reacted with the nickel 
binder in varying degrees to form a nickel-rich refractory 
metal phase as evidenced in the photo-micrograph shown 
in Fig. 2. The microstructure illustrated here represents 
an alloy with a homogeneous structure. Most of the compacts 
contained four phases: (a) nickel-rich refractory hard metal, 
(b) refractory hard metal phase, (c) nickel phase, and 
(d) silver phase. However, in some alloy systems all of the 
nickel had reacted with the refractory hard metal with the 
result that only three phases were present in the micro- 
structure (see Fig. 2). The microhardness values taken on 
the nickel-rich refractory hard metals phase were in the 
Vickers hardness range of 770 to 924. Consequently, two 
phases of these specimens exhibited a greater hardness than 
that of the tool steel mating surface which had a hardness 
of Vickers 700. 
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Results 


Since no liquid lubrication was used in this investigation, 
the philosophy of the program was to obtain alloys which 
would furnish a self-replenishing film at elevated tempera- 
tures. In accordance with fundamentals previously dis- 
cussed, nickel or nickel and silver were added in varying 
degrees to different refractory hard metals to acquire alloys 
which would form protective surface films. When the 
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Fic. 2. Photomicrograph of best ternary alloy found containing 
60% WB-20% nickel-20% silver x 250. 
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proper combination was obtained, it was evidenced by 
the formation of a solid lubricating film. This film reduced 
the surface friction and eliminated galling, seizing and pit- 
ting, thus providing the desired mild even wear and sealing 
properties. The solid lubricating film formed in this way 
is continually replenished, whereas, any liquid or powder 
type lubricant suffers from the fact that it must be constantly 
supplied by some outside means. 

Because of the severity and nature of the operating 
conditions of these tests, a wide variety of wear character- 
istics had to be considered. The results of these observ- 
ations should aid in selecting materials for use in rotating 
seal applications. Tables 2 and 3 present a summary of the 
test results of every specimen giving the amount of wear, 
pin rating and remarks on the conditions of the pin and 
disk surface. In some instances there was excessive transfer 
from the pin to the disk or vice versa; in others the pin 
oxidized and eroded away, seized, galled or fractured. 
The rotating disks also experienced wear in many cases. 
The disks exhibited build-up, galling, pitting, scoring or 
severe oxidation. Sometimes only one of these wear char- 
acteristics was evident, while in other cases, several wear 


TABLE 2 


Summary of Wear Data 


Rectangular Pins Against Tool Steel 











Pin wear (in/hr) | Temp. | 
Pin | of pin Pin | Remarks: P-pin, D-disk 
material Ambienttemp. | (°F) rating | 
75 F 600 F 1050 F | 
Refractory Hard Metals 
Pure MoB 0.006 0.003 0.006 | - Good | P-oxidized; D-fine scratches 
Pure CrBe 0.192 - dee wee. N.G. | P-fractured 
Pure WSiz 0.026 0.022 0.012 | 1200 Fair | P-mild scoring 
Pure VBe 0.0096 0.012 0.024 | 1800 Fair | P-transferring to disk 
Pure CrN - - - - N.G. | P-fractured 
Pure VSi2 0.162 0.186 0.22 | 1200 N.G. | P-galled-pulled out 
Pure CrSie 0.264 - ~ = N.G. | P-fractured; D-grooved 
Pure TisSis 0.054 - ~ - N.G. | P-eroded 
Pure VN 0.018 0.078 0.090 | 1300+ | N.G. | P-edge fracturing 
Pure WB - - - - N.G. | P-shattered 15 sec. 
Pure TiBs 0.012 ~ - - N.G. | P-fractured 
Binary Alloys 
70% VSi2e-30% Ni 0.018 - - ~ N.G. | P-fractured 
60% MoB-40% Ni 0.066 - - 1800 N.G. | P-fractured; D-extreme pickup 
60% CrB2-40% Ni 0.70 ~ 1800+ | N.G. | P-poor thermal cond. 
80% WSi2-20% Ni 0.090 0.090 0.948 | 1500+ | N.G. | P-partially scored 
40% CrN-60% Ni 0.168 0.384 0.432 | 1500+ | N.G. | D-scored 
65% WB-35% Ni - - - - N.G. | P-fractured 
Ternary Alloys 
60% MoB-20% Ni-20%Ag 0.018 0.042 0.102 | 1300 Poor P-erosion; D-pickup 
90% WB-10% Ni-Ag Inf. 0.003 0.003 0.003 | 1300 Excel. | Mild even wear—both parts 
60% CrBe-30% Ni-10% Ag 0.090 0.124 0.272 | 1300+ | N.G P-microscopic erosion 
65% VSis-20% Ni-15% Ag 0.018 0.048 0.114 | 1300+ | Poor | P-pickup from disk 
60% WSi2e-20% Ni-20% Ag 0.716 - - ~ N.G. | D-excessive pickup 
60% WB-20% Ni-20% Ag 0.003 0.003 0.002 | 1300 Excel. | Mild even wear—both parts 
68% VSie-12% Ni-20% Ag 0.054 0.03 0.18 | 1300 N.G. | P-edge cracking; D-pulled out 
45% VB-35% Ni-20% Ag 0.114 0.084 0.153 | 1500 N.G. | P-erosion; D-grooved 
60% CrN-20% Ni-20% Ag 0 0.006 0.003 | 1300 Very | P-mild wear 
good 

















Note: pin rating N.G., no good. 
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mechanisms occurred simultaneously. If abrasive or 
adhesive wear became excessive, the material was not 
considered successful for an actual rotating seal applica- 
tion. 

One of the fundamental concepts of this program was 
that compositions containing a predominant amount of a 
refractory hard metal would be resistant to wear caused by 
frictionally developed heat. This assumption was based on 
the refractory nature of these materials. Hence, the pure 
refractory materials were tested first. However, since these 
displayed some unsatisfactory properties, binary alloys 
were tested next. Finally, inasmuch as the binary alloys 
were found lacking in certain requirements, ternary alloys 
intended to have compensating characteristics were evalu- 
ated. These results are described separately below. 


Pure Refractory Hard Metals 


Tables 2 and 3 give the wear rates of these materials 
against the two types of disk material. Only four pure 
refractory hard metals are shown on bar graphs (Figs. 3 
and 4). All of the others manifested such poor qualities or 
fractured so early in a run that they are not included. 


119 


Figure 3 depicts the influence of temperature on the wear 
rate of WSiz, VBz, VN and MoB against tool steel. Figure 4 
shows the influence of temperature on wear rate of VBo, 
VSiz, TiBe, and MoB against a Ni—-Cr—Fe alloy. In the maj- 
ority of cases, the wear increased as the temperacures of 
the two surfaces were increased. 

The only pure refractory metal which showed promise 
as a potential seal material was MoB against tool steel. Its 
wear rate was fairly constant at all three temperatures. An 
interesting feature about pure WSizg was that its wear rate 
was highest at room temperature (Fig. 3) and then decreased 
as the temperature was increased. 

The effect of temperature on the wear rate was not 
pronounced when using the pure refractory hard metals. 
The principal reason for this was probably derived from 
the excellent high temperature qualities of these materials. 
They did not deteriorate easily under the conditions 
prevalent in these runs. 

Although the results indicate some promise considering 
the excessive wear conditions prevalent, the brittle nature 
of the majority of the refractory hard metals tested precludes 
their use where any appreciable shock takes place. 


TABLE 3 


Summary of Wear Data 
Rectangular Pins Against a Ni-Cr—-Fe Alloy 





























Pin wear (in/hr) | 
Pin | Temp. | 
material | Ambienttemp. | of pin | Pin | Remarks: P-pin, D-disk 
75 F 600 F 1250 F| (°F) | rating 
Refractory Hard Metals | | 
Pure MoB | 0.045 0.072 0.072 | 1800 Poor | P-fractured 
Pure CrBe 0.096 - - = N.G. | P-fractured 
Pure WSie - - 0.024 | 1350+ | Fair P-scored 
Pure VBz 0.024 0.024 0.018 - Fair P-pickup; D-OK 
Pure CrN 0.366 - ~ ~ N.G. | P-fractured 
Pure VSiz 0.015 0.043 0.050 | 1330 Poor | P-pickup; D-grooved 
Pure CrSiz 0.41 0.132 - - N.G. | D-galled 
Pure TisSis ~ - ~ ~ N.G. | P-fractured 
Pure VN 0.018 0.006 - 1500 N.G. | P-fractured 
Pure WB 0.60 - - ~ N.G. | P-fractured 
Pure TiBz 0.003 0.027 0.066 | 1400+ | Poor | D-seizing 
Binary Alloys 
70% VSi2-30% Ni 0.030 0.16 0.72 | 1800+ | N.G. | P-fractured 
60% MoB-40% Ni 0.072 - - 1600 N.G. | P-fractured 
60% CrBe40% Ni 0.216 - - 1600 N.G. | P-excess. chattering 
80% WSi2-20% Ni 0.012 0.66 ~ - Fair P-smeared; D-scratched 
40% CrN-60% Ni 0.426 1.08 - | 1500 N.G. | P and D-scored 
Ternary Alloys 
60% MoB-20% Ni-20% Ag 0.066 0.078 0.054 | 1300 Poor P and D-pitted 
90% WB-10% Ni-Ag Inf. 0.009 0.024 0.006 | 1400 Good | P-slightly scored 
60% CrBe-30% Ni-10% Ag 0.864 3.85 ~ 1800+ | N.G. | P-erodes; D-grooved 
65% VSie-20% Ni-15% Ag 0.672 - - 1800+ | N.G. | P-fractured; D-galled 
60% WSi2-20% Ni-20% Ag 0.018 0.390 - - N.G. | P-scored 
60% WB-20% Ni-20% Ag 0.090 0.276 3.77 | 1600 N.G. | P and D-scored 
68% VSie-12% Ni-20% Ag 0.018 0.078 0.072 | 1300 Fair P-even wear; D-seizing 
45% VB-35% Ni-20% Ag 0.048 0.120 0.054 | 1500+ | Poor | P-mild scoring; D-pitted 
60% CrN-20% Ni-20% Ag 0.025 0.053 0.018 | 1400 Fair P-edge fractured; D-pickup 
60% CrN-30% Ni-10% Ag 0.048 0.024 0.006 | 1500+ P-mild even wear 
Note: pin rating N.G., no good. 
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Fic. 3. Wear rates of pure refractory hard metals against tool 
steel at various temperatures. 


1050°F 


Binary Alloys 

Six of the best binary alloy compacts containing both 
nickel and a refractory hard metal were tested under 
conditions identical to those for the pure refractory metals. 
These compacts showed poor wear qualities and, therefore, 
did not warrant further consideration for use as seal 
materials. It is possible that higher sintering temperatures 
or binary alloys made of different particle sizes could have 
had some beneficial effect. However, the fact that the wear 
rate increased rapidly in proportion to a rise in temperature 
made the use of these binary alloys impractical. 


Ternary Alloys 

In addition to other considerations previously cited, the 
addition of silver and nickel to the refractory hard metal 
eliminated the problem of brittleness found in pure mater- 
ials and some binary compositions. 

(a) Rubbed against Tool Steel—Figure 5 is a bar graph 
illustrating the effect of temperature on the wear rate of 
five ternary alloys rubbed against tool steel. Table 2 gives 
wear rates for the remainder of alloys. Excellent results 
were obtained when using two alloys with the composition of 
90% WB-10% nickel, silver infiltrated, and 60% WB-20% 
silver-20% nickel. Figure 2 illustrates the microstructure 
of the alloy which contains 60% WB. The nickel reacted 
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Fic. 4. Wear rates of pure refractory hard metals against a Ni-Cr— 
Fe alloy at various temperatures. 
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Fic. 5. Wear rates of ternary alloys against tool steel at various 
temperatures. 


with the WB to form a nickel-WB rich phase which had 
a microhardness of Vickers 780. 

The wear track consisted of a thin golden film formed on 
both surfaces apparently by a chemical reaction caused by 
the heat evolved and the combination of mating materials. 
The wear was so even that there was no evidence of scoring, 
pitting or galling on either the pin or disk. The thin film 
formed on the surfaces probably was building up at a 
uniform rate by the formation of complex oxides and nickel- 
silver-WB rich phases by a combination of oxidation and 
diffusion of atoms from the internal layers to furnish an 
ideal wear surface. 

Some of the materials were run for long periods. An 
example of the pin surface (composition 60% WB-20% 
nickel-20% silver) after an hour’s run is shown in Fig. 6. 
Increasing the silver content with a consequent decrease 
in the amount of WB, gave a ternary alloy with slightly 
lower wear rate. Another advantage derived when this 
modified alloy was run against tool steel was the fact that 
the wear rates at 600 F and 1050 F were the same as those 
at room temperature. In a 10 min period the specimen 
wore 0.0003 in. while the build-up on the track was 0.0001 





~ ¥ 


Fic. 6. Pin surface at completion of run. Composition 60% WB- 
20% nickel-20% silver x 50. 
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in. Figure 5 and Table 2 show that another alloy which dis- 
played very low wear rates against tool steel at all the 
temperatures was 60% CrN-20% Ni-20% Ag. 

Two other alloys, 60% MoB-20% Ni-20% Ag, and 
65% VSie-20% Ni-15% Ag (Fig. 5) exhibited fair wear 
characteristics during room temperature tests. However, 
when the temperature was raised to 1050 F, the wear rate 
of these pins increased five to six times that obtained at 
room temperature. 

The other ternary alloys listed in Table 2 consisting of 
60% CrB-30% nickel-10% silver, 60°, WSig-20% nickel- 
20% silver, and 68% VSie-12% nickel-20% silver were 
not deemed acceptable because they had much higher 
wear rates than ternary compositions composed of WB 
or CrN. Therefore, they were not given further consider- 
ation as seal materials against tool steel. Two ternary 
alloys of VSig (see Table 2) were tried but both had wear 
rates which exceeded the desirable limits. The one with 
20% silver had a greater amount of wear at 1050 F than the 
one containing 15% silver. 
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Fic. 7. Wear rates of ternary alloys against a Ni-Cr—Fe alloy at 
various temperatures. 


Temperature plays an important function in the wear 
rates. The frictional heat evolved at the rubbing interfaces 
varied from 1300 F-1800 F+ (see Table 2 for specific 
data). Several observations can be made concerning the 
influence of temperature on the wear rate of ternary alloys 
against tool steel. For example, with the WB alloy the wear 
rate remained constant as the temperature was increased 
(see Table 1 or Fig. 5). However, the wear rate increased 
with increasing temperature in the case of the MoB and 
VSig alloys (Fig. 5). The optimum operating condition 
would consist of a constant wear rate over the entire 
temperature range. 

It should be noted that tool steel had some limitations 
in regard to its use as one of the components in a seal 
design. The first, is that it softens above 1050 F; the 
second, is that many tool steels exhibit some dimensional 
instability when subjected to temperatures of 1000-1100 F. 

(b) Rubbed against a Ni-Cr—Fe Alloy—The same series 
of alloys used with tool steel were tested by running against 
cast Ni-Cr—Fe alloy disks. After being machined, this 
disk material had a hardness of Rg94 which was much 


softer than the hardened tool steel. After a large number 
of heating cycles, the hardness decreased to R84. 

The alloy 90% WB-10% nickel-silver infiltrated had 
the lowest overall wear rate, as shown in Fig. 7. Its wear 
rate reached a peak at 600 F (0.004 in/10 min) and then 
dropped to 0.001/in/10 min at 1250 F. Both the pin and 
disk displayed a mild scoring pattern. There was no 
evidence of a thin even film as found when running against 
tool steel. 

To discern the effect of varying the percentage of WB, 
an alloy containing 60% WB-20% nickel-20% silver was 
tested under identical conditions. This composition yielded 
a wear rate of 0.046 in/10 min at 600 F and 0.628 in/10 min 
at 1250 F. The change in alloy content made it useless 
against the Ni—Cr—Fe alloy and yet this same alloy contain- 
ing 60% WB gave the best performance against tool steel 
under similar conditions of speed and load. Alloys contain- 
ing 60% CrN-20% nickel-20% silver and 60% CrN-30% 
nickel-10% silver, also showed low wear rates at 1250 F. 
However, both had higher wear rates at the lower tempera- 
tures than alloys containing WB (see Fig. 7). ‘The compo- 
sition containing 20% silver gave no noticeable wear on 
the mating disk, but the specimen containing 10% silver 
caused a build-up on the disk of 0.00003 in/10 min. The 
other alloys tested here containing VSie, CrBz, WSie, VB, 
and MoB had wear rates which were considered to be too 
high for use as seal materials. 

The wear rate of most of the materials run against the 
Ni-Cr—Fe alloy, as indicated in Fig. 7 displayed a tendency 
to increase at 600 F and then fall off as the higher tempera- 
ture of 1250 F was reached. In many instances, the wear 
rate at the highest temperature was less than it was at room 
temperature. Previous studies made on retainer materials 
(2, 6) using temperatures up to 500 F indicated that the 
wear rate accelerates with temperature. In the present 
investigation, where the nickel and silver were usually 
restricted to small percentages, the wear rate for many of 
the compositions dropped off at the higher temperatures. 
Several factors contribute to this result. First, complex 
oxide layers form at high temperatures because oxidation 
proceeds at a much greater rate as the temperature is in- 
creased. These oxides reduce friction to furnish mild wear. 
For instance, Johnson et al. (7) have found that nickel 
alloys exhibited good wear performance when a film of 
NiO is present. Second, the silver phase softens enough 
at the higher temperatures so that the energy required for 
shearing the surface layers is small. 


(c) Titanium Carbide—A commercial alloy composed 
mainly of titanium carbide was tested against a disk of the 
same material. Runs were of 30 min duration each and were 
made at room temperature, 600 F and 1050 F at 14,000 
ft/min with a load of 16 lb/in?. The wear rate was as follows: 
0.0002, 0.0004, and 0.0004 in/hr at 75 F, 600 F and 1050 F 
respectively. These wear rates were considered to be 
indicative of excellent performance. For example, compare 
the wear rate of 0.0004 in/hr which was obtained at 14,000 
ft/min with that of the WB ternary alloy wear rate of 
0.009 in/hr against tool steel at 29,000 ft/min. It should be 
noted, however, that test conditions were different in two 
respects in the runs involving the WB alloy and the titanium 
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carbide compound. First, the length of travel was approxi- 
mately double in the case of the WB alloy. Second, the heat 
generated at the asperities of the WB alloy were probably 
greater because of the higher sliding speed. A direct com- 
parison of these materials is not possible; however, it is 
apparent that the titanium carbide alloy has merit. After 
the completion of a run the rubbing surfaces revealed an 
excellent macro-appearance. When viewed at x 100, the 
structure indicated that a small amount of nickel binder 
had pulled out and smeared over the wear surface. This 
left microscopic pits in some sections of the track. 


Evaluation of results 


Several important results pertaining to the temperature 
influence on the rate of wear were discussed in the pre- 
ceding section. The most important characteristics were 
that either: (a) wear rate remained constant as the tempera- 
ture increased or (b), wear rate reached its maximum value 
at 600 F-800 F, then decreased drastically as the ambient 
temperatures went up into the 1000 F-1300F range. 
Presumably from the observations made here and those of 
others (7), it is possible to form continuous complex films 
which have low shear strengths even at elevated tempera- 
tures. Compatibility of the proper combinations of mating 
components may be a decisive factor. Where no outside 
lubrication is supplied, a solid film replenisher built into 
one of the components would offer good possibilities of 
attaining an even thin film with a resulting mild wear 
pattern. 

The second point brought out in this investigation was 
that the temperature rise at the rubbing interfaces influenced 
the wear performance. For example, the combination of an 
ambient temperature along with the temperature rise due 
to heat generated by friction gave qualitative temperatures 
of 1300 F-1800 F+. The lowest wear rates were pins which 
had temperatures in the range of 1300 F-1400 F (see Tables 
2 and 3). In the majority of cases where the pin temperature 
exceeded 1600 F, the wear patterns or rates were unsatis- 
factory. Microscopic inspections made during and after 
the test indicated that the poor specimens exhibited an 
accelerating type of wear on the pin. In many instances 
this produced a transfer of material to the disk. 

The third point concerning the effect of varying the per- 
centage of the refractory phase. The quantity of refractory 
phase could be varied over a wide range with only a minor 
change in the wear rate. This observation applied not only 
to alloys classified as having good wear rates, but also to 
ones designated as having poor wear rates. 


Conclusions 

Potential seal materials for aircraft applications were 
screened to determine wear properties at sliding speeds up 
to 29,000 ft/min, loads up to 16 lb/in? and with no liquid 
lubricant. The following observations were made: 

(1) One pure refractory hard metal, i.e. MoB, indicated 
satisfactory wear patterns and rates against tool steel. None 
of the pure refractory materials were suitable against a 
disk composed of a Ni-Cr-Fe alloy. 

(2) Binary alloys composed of nickel and refractory hard 


metals were not satisfactory against either tool steel or a 
Ni-Cr-Fe alloy. 

(3) The addition of silver to form ternary alloy systems 
with nickel-bonded refractory metals was distinctly bene- 
ficial in achieving superior wear resistance at elevated 
temperatures. The ternary alloys containing high percent- 
ages of WB (60-90% by weight) showed superior wear 
qualities against tool steel. Ternary alloys composed mainly 
of CrN displayed similar qualities against both tool steel 
and a Ni-Cr-Fe alloy. 

(4) A commercial titanium carbide composition rubbing 
against a similar material had excellent wear properties at 
elevated temperatures. However, this material was tested 
at about half the sliding velocity used in the other material 
investigations. 
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DISCUSSION 
F. A. ScHWEIGER (CES—Bearings and Drives, JED Bldg. 

501): 

I have read your paper with great interest, since we are 
also interested in similar information in connection with 
seal designs for our jet engine applications. I believe that 
this is an area that requires a considerable amount of 
activity, since some of the newer jet engines will require 
seal designs which cannot utilize carbon material due to 
the temperature limitations. 

The test conditions you established for this program are 
quite realistic with two exceptions: 


(1) We already have need for materials in the 1300 F 


range, therefore, investigation should be conducted 
at some higher temperature. 
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(2) Your test conditions establish loads in the order 
of 16 lb/in? which is relatively-high loading and 
has the connation of application to liquid-type 
seals. Seals can be made to operate with a con- 
siderably lower unit loading as gas seals and will 
be entirely satisfactory as jet engine seals. 


Your material selection was both varied and complete. 
I believe you may have been more successful had you 
considered other than the three disk materials. 

The equipment in the test procedure was interesting 
although I believe the test results would have been more 
beneficial if additional measurements had been taken. 
Coefficient of friction of the two rubbing materials is ex- 
tremely important in seal design and the addition of a 
torque arm on a static shaft would have allowed this 
measurement to be taken. I was particularly interested 
in the test with the circular disks since this closely resembles 
the seal application but I was interested in how to prevent 
point contact on the circular disk tests since there does 
not seem to be an accommodation for run-out of the rotating 
face. It would seem to be very difficult to get correlation 
between the rectangular specimen test and actual seal 
operation since the two configurations are so vastly different. 
The amount of heat generated in the operating temperatures 
of both rotating stationary test components would be 
completely different from that experienced with an actual 
seal. You do not indicate a location of the thermo-couples 
but I would assume that they are not on the surface, there- 
fore, the operating temperature would not be the same as 
that shown on thermocouples since there is heat flow from 
a point of contact which creates a temperature gradient. 

The pure refractory material which showed promise as 
potential seal material was MoB against tool steel. The 
wear rate of this combination was fairly high and if applied 
to a seal would result in a relatively short-life seal which 
would eliminate it as a potential jet-engine application. 
It is interesting to note that you found titanium carbide 
against itself as a promising combination at 1050 F. The 


wear rates as described were quite low and would indicate 
a very promising seal material. We conducted similar 
types of screening tests at the same range of temperature 
and reached the same conclusions as you had concerning 
the use of titanium carbide. However, in going one step 
further and testing this same material at lower temperatures 
we were quite disappointed to find it wore excessively at 
low temperatures. In order to operate successfully in a 
jet engine application the seal material must be capable of 
operating under a varied temperature range. Due to the 
excessive wear rate we obtained at low temperature which 
was part of operating conditions we have abandoned the 
use of titanium carbide as a possible seal material in a seal 
design. 

We are extremely interested in the type of work that you 
presented in this paper. We are of the opinion that this 
type of work is extremely important to the successful 
design of new advanced fields and we feel that this activity 
should be increased so that we will have sufficient inform- 
ation to provide adequate seal design for our advanced 
jet engines. The type of screening test that was accomplished 
is usually on the conservative side and it is very likely 
that candidates have been abandoned which may be utilized 
in seal design. It would be very valuable to establish a 
correlation with this type of testing and the actual seal 
application, since it has been our experience that correlation 
is difficult to obtain. It would also be extremely valuable 
to be able to establish measurement criteria which would 
determine the successful operation of these materials by 
conducting short duration tests. 


Epitor’s Note: 

Authors are furnished with a copy of each discussion and 
invited to submit a closure. Since no closure was submitted 
for the above article, it may be assumed that the author(s) 
either concurred with the discussor(s) or did not feel that 
a reply was necessary. 

















The Calculated Journal-Bearing Performance of Polymer-Thickened Lubricants 


By H. H. HOROWITZ? and F. E. STEIDLER? 


The journal-bearing performance of polymer-thickened oils, whose viscosity is a function of 
the shearing stress, has been calculated using a digital computer. Under isothermal conditions 
the polymer-thickened oils gave lower friction coefficients and smaller minimum clearances 
than mineral oils of the same low-shear viscosity. However, even at the highest speeds and 
loads the influence of the polymer was still felt..The polymer oil did not act like the low- 
viscosity base oil from which it was formulated. There were als. small differences in the shape 
of the pressure distribution, the attitude angle, oil flow rate ana other parameters. When 
the temperature rise was taken into account, assuming adiabatic conditions, the higher viscosity 
index of the polymer oils tended to compensate for their ‘‘temporary viscosity loss’’ so that at 
the highest loads the polymer oils did not give smaller minimum clearances than comparable 
mineral oils. 


Nomenclature 


x co-ordinate in circumferential direction (cm). 
6 angular co-ordinate in circumferential direction 
(x = Re) beginning at the point of maximum 
clearance (rad). 

co-ordinate in axial direction (cm). 

film thickness at x (cm). 

pressure (dyn/cm?). 

film thickness at dp/dx = 0 (cm). 

velocity of liquid in x-direction (cm/sec). 
velocity of shaft surface (cm/sec). 

speed (rev/sec). 

shearing stress (dyn/cm?). 

radius of shaft (cm). 

radial clearance (cm). 

shear stress at bearing surface (dyn/cm?). 

shear stress at shaft (dyn/cm?). 

oil flow rate per unit length (cm’sec~1cm-). 
angle at which oil film terminates, dp/dx and 
p = 0 (rad). 

eccentricity ratio (dimensionless). 

attitude angle, see text Fig. 4 (rad). 

load per unit length (dyn/cm). 

load per unit projected area = W/2RL 
(dyn/cm). 

friction force on shaft per unit length (dyn/cm). 
coefficient of friction = F,/W (dimensionless). 
viscosity (dyn sec cm™, i.e. P). 
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Introduction 


Mineraz oils containing 2 or 3% of high molecular-weight 
polymers are being widely used as automobile crankcase 
lubricants today. As much as 75% of the viscosity of the 
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oil can be due to polymer. These polymers are added to 
reduce the changes in viscosity with temperature that occur 
normally in straight mineral oils. At the same time, the 
introduction of polymers causes the viscosity to change 
with shear and hence deviate from Newtonian behavior. 
Thus it becomes difficult if not impossible to predict 
bearing performance of such polymer-thickened oils using 
classical hydrodynamic theory. Furthermore, the presence 
of high molecular weight compounds imparts to the mineral 
oils some elastic properties which can affect the lubrication 
process. 

In this paper only one facet of the peculiar lubricating 
properties of polymer oils has been investigated: the effect 
of non-Newtonian or shear dependent viscosity on journal- 
bearing performance under both isothermal and adiabatic 
conditions has been calculated. 

It is generally accepted that polymer oils give less friction 
under a given set of conditions, in an engine (1) or in a 
bearing test rig (2), than straight mineral oils of the same 
viscosity at low shear. This ties in with the fact that these 
oils show a reversible decrease in viscosity at high shear 
rates. (This is not to be confused with permanent viscosity 
decrease due to polymer breakdown under extremely high 
shear or turbulent conditions.) Due to this reversible 
viscosity loss, one often encounters statements to the effect 
that polymer oils really perform like the light base mineral 
oils from which they were blended (3). On the other hand, 
there are reports in the literature that polymer oils give 
much lower wear rates than the base oils from which they 
are made and may, in fact, be superior to mineral oils of 
equal low-shear viscosity (4). Radioactive-wear measure- 
ments on polymer oils made in our own laboratories 
confirm this finding®. Thus, there is increasing evidence 
for a seeming anomaly in the lubrication behavior of 
polymer oils: they give decreased friction apparently 
without increased wear. 

The journal-bearing calculations in this paper show that 
under isothermal conditions the non-Newtonian behavior 
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3 Detailed data to be published later. 
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(variable viscosity) of polymer oils does cause a reduction 
in friction and in minimum film thickness over a straight 
mineral oil of the same viscosity at low shear. But even at 
the highest speeds and loads, under hydrodynamic con- 
ditions the polymer continues to contribute significantly 
to the viscosity of the blend. Its performance remains 
considerably better than that of the low-viscosity base oil 
from which it was formulated. 

Under adiabatic conditions the improved, flatter vis- 
cosity-temperature slope of polymer-thickened oils as 
compared to mineral oils largely compensates for the drop 
in viscosity of polymer oils with shear, according to a 
further calculation. In fact, when severe operating con- 
ditions are reached, where the temperature rise is high, 
polymer oils can carry loads as high or higher than straight 
mineral oils of the same viscosity at the bearing’s oil inlet 
temperature. 

This result, while mathematically reasonable, seems to 
be at odds with the observed reduction in friction that is 
obtained with polymer oils in engines and bearings rigs. 
The most logical conclusion to be drawn is that other 
properties of polymeric lubricants, such as viscoelasticity, 
or perhaps changes in viscosity in the liquid layers close 
to the surfaces, are also very important in determining 
the lubrication behavior of polymer oils. 

These calculations have been carried out neglecting the 
effect of side leakage, heat transfer, pressure on viscosity 
and bearing deformation, and many other factors. Thus, 
the absolute values of the load and the friction may be 
grossly in error. Nevertheless, the comparison of mineral 
oils with polymer-thickened oils should be directionally 
correct. 

The inclusion of side leakage in the bearing calculation 
is being worked on at the present time. 


1. Calculated isothermal bearing performance of 
polymer oils 
A. Starting Assumptions and Limitations 

A typical curve showing the decrease in viscosity of a 
polymer oil with the shearing stress is given in Fig. 1, 
which was taken from reference (9). This oil was the one 
used for the isothermal bearing calculations. It has a low 
shear viscosity of 0.13 P (about 83 Saybolt universal 
seconds at 210 F) and is made from a base stock of 0.03 P 
(about 40 S.U.S. at 210 F). It represents a very heavily 
polymer-thickened oil, containing the equivalent of from 
4 to 4.5 wt. % (active ingredient) of a polymethacrylate 
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Fic. 1. Typical viscosity—shear stress curve for heavily V.I. 
Improved oil at about 210 F. 


v.i. improver (type A-3 of reference (9)) and was chosen to 
magnify any effects of temporary viscosity loss. The shear 
curve can be approximated by: 


u(P) = B+kD 


1>k>0, k= Ci—C2 loge [1] 
where 


B = base oil viscosity = 0.03 P; 

D = viscosity contributed by the polymer = 0.10 P; 

C, and C2 are constants fixed by the slope and intercept 

of the line in Fig. 1 (1.61 and 0.225, respectively, in this 

case) ; 

t is the shearing stress in dyn/cm?. 

This oil was compared to Newtonian mineral oils of the 
same low-shear viscosity (0.13 P) at equal speeds and loads. 
It was also compared to mineral oils at constant speed and 
eccentricity ratio at whatever viscosity of mineral oil was 
necessary to give the same load capacity. 

In a journal or thrust bearing operating under hydro- 
dynamic conditions, even at constant load and speed, the 
shear rate in the oil film typically varies from zero up to 
the range of a million reciprocal seconds. This means that 
the viscosity of the oil varies considerably across each 
section of the film. As far as the writers are aware, only one 
attempt has been made to calculate the effect of this 
variation on the performance of a bearing (5). However, 
this calculation made use of the Reynold’s equation, 
which is valid only when the viscosity across the film is 
constant. 

The present calculations were based on the Navier- 
Stokes force equilibrium equations and were carried out 
on a digital computer using an iteration procedure. Each 
case took about 90 sec to calculate. The details are given 
in Appendix I, but briefly the assumptions made were: 
The bearing is assumed to operate at constant temperature; 
the viscosity is a function of shear stress only and not of 
pressure or time; the bearing is of infinite width, i.e. there 
is no side leakage; the velocities of the liquid at the surfaces 
are equal to the velocities of the surfaces; the pressure is 
zero at the point of maximum clearance and again at the 
point where the pressure has passed its peak and the pressure 
gradient equals zero; there is no continuous oil film in the 
remainder of the divergent portion of the annulus. The last 
two conditions were used by Christopherson (6), Cameron 
and Wood (7), and Raimondi and Boyd (8). Some of the 
assumptions are obvious over-simplifications but were used 
because of the complexities added to the mathematics by 
the variable viscosity. It is not believed that altering the 
pressure boundary conditions or including side leakage 
would significantly alter the comparison of Newtonian 
vs. non-Newtonian oils which follows. However, omission 
of the temperature, effects may set the polymer oils at some 
disadvantage since, of course, they have flatter viscosity 
temperature slopes than mineral oils of the same low-shear 
viscosities. In the second part of this paper the effect of 
temperature rise on the viscosity of the fluid is also taken 
into account. This first part gives the effects of “temporary 
viscosity loss” pure and simple, in the absence of all other 
effects. 
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B. Eccentricity Ratio vs. Sommerfeld Number 


For Newtonian fluids, the eccentricity ratio in a journal 
bearing without side leakage is a function of the dimension- 
less quantity, the Sommerfeld number, S, where 


N (R\2 
s-(=) 
PONS 


p = viscosity, N = speed (rev/sec), P = load per unit 
projected area, R = radius of shaft, C = radial clearance. 
At a given speed, the higher the load, the lower the Sommer- 
feld number. The range of practical Sommerfeld numbers 
for the one inch radius bearings considered here is from 
10-1 to 10-3. 

For a polymer-thickened oil, if the low-shear viscosity is 
used in calculating S, the calculations show that the 
relationship between eccentricity ratio and S is not a single 
function but depends upon the speed as is shown in Fig. 2. 
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Fic. 2. Eccentricity vs. Sommerfeld no. 


This occurs because the overall apparent viscosity of the 
polymer oil is reduced due to the high rates of shear in the 
bearing. The viscosity is no longer equal to the low-shear 
value used in the Sommerfeld number. The higher the 
speed, the further the curve is displaced to the left, although 
even at 4800 rev/min the condition of total viscosity loss 
is not nearly reached. Further increases in speed will not 
cause much larger displacements of the curves. 

The effects for most commercial oils will certainly be 
smaller than those illustrated here since, as mentioned 
before, the oil chosen for these calculations is thickened 
with polymer to a greater extent than even the most heavily 
treated SAE 10W-30 formulation. 


C. “Apparent Bearing Viscosity” vs. Shear Rate 


From the displacement of each point on Fig. 2 from the 
lines for a Newtonian oil, it is possible to calculate the 
viscosity of a mineral oil that would give the same 
eccentricity ratio at the same speed and load. This may be 
regarded as an “apparent bearing viscosity”. As a first 
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Fic. 3. Apparent viscosity vs. shear rate. 


approximation, the shaft surface speed divided by the 
minimum clearance may be regarded as an average shear 
rate in the bearing. For a bearing running at 0.9 eccentricity 
ratio this turns out to be about one-half the maximum 
shear rate in the bearing. Plots of apparent viscosity vs. 
average shear rate are fairly close to the true viscosity-shear 
rate curve of the oil (Fig. 3), although there are minor 
deviations depending on the eccentricity ratio. Thus, as a 
first approximation, the eccentricity ratio obtained with a 
polymer-thickened oil can be predicted from the viscosity 
vs. shear rate curve of the oil, using whatever relationships 
are ordinarily employed for mineral oils. This correlation 
should be helpful to the designers of bearings to be operated 
on polymer-modified oils. 


D. Other Variables: Friction, Oil Flow Rate, Attitude 
Angle, Peak Pressure, etc 


All of the other operating variables are changed by the 
non-Newtonian behavior of polymer oils, although the 
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Fic. 4. Pressure distribution in oil film. 
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effects are not as great as the increase in eccentricity ratio. 
All of the changes in operating variables stem from the 
fact that the pressure distribution in the bearing is changed 
by using a polymer oil. These effects can best be seen by 
means of a comparison of a polymer oil to a Newtonian 
fluid whose viscosity is such that it carries an equal load 
at the same speed and eccentricity. Under these conditions 
it is calculated that the polymer oil gives a reduced pressure 
peak and a shifting of the maximum away from the point of 
minimum clearance. The effect is diagrammatically illustra- 
ted in Fig. 4, and the size of these effects for one particular 
bearing at one speed is given in Fig. 5. The shift in the 
location of pressure peak causes an increase in oil flow 
rate, since, for a bearing with no side leakage, the oil flow 
rate equals Vho/2, where V is the surface velocity of the 
shaft and hp is the thickness of the film at the pressure peak. 
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Fic. 5. Changes in bearing performance due to non-Newtonian 
behavior. 


The shift also causes an increase in the coefficient of friction 
at a given eccentricity ratio. This comes about because a 
positive pressure gradient increases frictional drag on the 
shaft while a negative gradient reduces it. As can be seen 
from Fig. 4, the non-Newtonian oil has a larger positive 
pressure gradient on the left side of the peak and a smaller 
negative gradient on the other side, both of which tend to 
increase the friction at constant eccentricity. The magni- 
tude of this effect seems to go through a minimum at 0.8 
eccentricity ratio as shown in Fig. 5. Also, because of the 
change in the pressure distribution, the angle between the 
resultant force, which balances the load, and the line of 
centers (the attitude angle) is also increased. While these 
effects are generally small, there may be specific cases 
where they could be important in bearing design. 


E. Overall Comparisons at Constant Speed and Load 


From a practical standpoint, the most important compar- 
ison that can be made is between Newtonian and non- 
Newtonian oils of the same nominal (low shear) viscosity 

I 


in the same bearing at the same speed and applied load. 
In Table 1, the performance of a polymer oil (B) is compared 
with that of a mineral oil of the same nominal viscosity (A) 
at a common speed and load. Severe conditions have been 
chosen to accentuate differences that might exist between 
the two oils. Oil B gives 23% less friction but a higher 
eccentricity ratio than oil A. In this case the minimum 
clearance is halved. 


TABLE 1 


Comparison of Newtonian and Polymer Oils at Constant 
Speed and Load* 


(Bearing radius, 2.54 cm, radial clearance, 0.00508 cm) 














Oil A Oil B 
Newtonian | non-Newtonian 
1. Nominal or low shear viscosity 
(P) at 210 F. 0.134 0.13 
2. Speed (rev/min) 4800 4800 
3. Sommerfeld no. (calculated 
using nominal viscosity) 0.0091 0.0091 
4. Eccentricity ratio 0.921 0.96 
friction on shaft, Rf 
_ 0.527 0.408 
c 
5. Dimensionless coefficient of 
6. Dimensionless flow rate 
Ga 
0.311 0.158 
RCNL 
7. Relative energy release per 
unit volume (5) + (6) 1.70 2.58 
8. Approximate for the oil | —1.2 —0.6 
pdT %I|°F) 
9. Relative change in viscosity 
due to temperature rise (7) x 
(8) —2.0 —1.6 











® Approximately SAE 40 grade. 
> Mineral oil and base oil of polymer blend were taken at 100 V.I. 
Change in usp with temperature was taken from reference (9). 


The oil flow rate is considerably less for oil B than A 
because of the former’s higher eccentricity ratio. The 
energy release per cubic centimeter is considerably higher 
for the non-Newtonian oil. However, the percentage change 
in viscosity per degree Fahrenheit is so much less for oil B 
that its change in viscosity due to the temperature rise is 
less. This is, of course, a very rough way of estimating 
the temperature rise in a bearing, but it serves to indicate 
possible differences. 

The main conclusion to be drawn from these calculations 
is that under isothermal conditions there are important 
differences in bearing performance between polymer oils 
and mineral oils, which are due solely to the change in 
viscosity of polymer oils with shear. The next section 
considers what happens under adiabatic conditions when 
temperature rise is taken into account and the improved 
viscosity temperature slope of the polymer-thickened oils 
shows to advantage. Actual bearings generally run under 
conditions much closer to adiabatic than to isothermal. 
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Il. Calculated adiabatic bearing performance of 
polymer oils 


A. Starting Assumptions and Methods of Calculations 


Since polymers are added to lube oils to provide lubri- 
cants of superior viscosity-temperature characteristics it is 
necessary to take into account temperature rise effects to 
get a truer picture of their bearing performance relative to 
mineral oils. This was done by dividing the part of the oil 
film that is continuous into fifty equal segments and cal- 
culating the heat generated in each segment, assuming 
that all of the viscous energy is turned into heat which 
remains in the lubricant. The heat generated per cubic 
centimetre of liquid, AH, per length of bearing Ax was 
calculated by numerical integration across the film using 
the relation: 


AH _ Sor(do/dy)dy 

Ax Q 
where 7 is the shearing stress dv/dy is the velocity gradient, 
y is the direction perpendicular to the oil film, h is the height 
of the oil film and Q is the oil flow rate, per unit width. 

The temperature rise in each segment was then calculated 
using a heat capacity of 0.5 cal g-! °C-1 and a density of 
0.85 g/cm’. The flow rate Q is, of course, constant for all 
segments of the bearing, since side leakage is neglected. 
It is known as soon as a trial value of ho, the height at the 
pressure peak is chosen (see Appendix 1). 

The temperature rise thus calculated was used to 
establish a new temperature for the lubricant in the next 
segment. The shear-dependent viscosity (as in Eq. [la]) 
in each segment was calculated from the temperature using 
the following assumptions: 


(a) The base oil viscosity B varies with temperature as 
given by the ASTM-Walther equation: 
log log(B+0.8) = A; log T+ Az 


B is in centistokes (cS) here; T in degrees Rankine (°R); 
and A; and Ag are constants derived from the viscosity of 
the base oil at two temperatures; 100 F and 210 F. 


This equation is still considered the most reliable one 
for predicting the variation in viscosity of straight mineral 
oils with temperature. 

(b) The specific viscosity of the polymer blend, D/B, 
was assumed to vary linearly with temperature and was 
calculated from values of D/B obtained at 100 F and 210 F. 
Actually this variation is not quite linear, as explained in 
reference (9), but over the narrow range considered here 
the error due to this oversimplification is small. 

(c) C; and Cy, the constants controlling the shear 
dependence were assumed not to vary with temperature. 
The experimental justification for this is also given in 
reference (9). 

Including all of the above calculations in the digital 
computer program lengthened it to about 5 min or more. 
As before, many factors were neglected: side leakage, heat 
transfer from lubricant to bearing and shaft, change in 
density with temperature and pressure, change in viscosity 
with pressure, etc. 


B. Oils and Bearing Conditions Used 


A journal bearing of 2.54cm radius and 0.00508 cm 
radial clearance operating at 1200 rev/min at an inlet 
temperature of 150 F at eccentricity ratios between 0.88 
and 0.94 was used for all the adiabatic calculations. Under 
more severe conditions the temperature rise became 
excessive and the range of validity of the viscosity-tempera- 
ture relationships was exceeded. 

Six oils were considered as shown in Table 2. Three of 
these were typical SAE 10W-30 oils of the same viscosity 
at 100 F and 210 F although they were “formulated” to 
the high side of the 30-grade specification to maximize 
the amount of polymer used. They were made with three 
different-potency, Viscosity-Index improvers each of which 
required a different base oil, though all the base oils were 
of 100 Viscosity Index (V.I.). The viscosity shear character- 
istics of the three polymer oils were taken from reference 
(9). 

Three mineral oils were used. One matched the polymer 
oils in viscosity at 100 F and 210 F and therefore had 140 








TABLE 2 
Properties of Oils used in Adiabatic Journal-Bearing Calculations 























Base oil? Final blend 

°% Polymer* (cS/100°F) (cS/210°F) | (cS/100 F) cS/150 F) (cS/210 F)_ V.1. C1 Cs 
2.8 Polyisobutylene® 24.16 4.40 76.8 27.78 12.40 140 1.65 | 0.200 
1.8 Methacrylate Ac 42.82 6.20 76.8 27.07 12.40 140 1.52 | 0.225 
1.65 Methacrylate Be 53.08 7.10 76.8 26.71 12.40 140 1.45 | 0.230 
None ae a 76.8 27.76 12.40 140 oh ve 
None ia ie 98.0 27.64 10.65 100 ate en 
None ie a 132.0 27.21 8.87 0 mt | die 





® Wt. % active ingredient. 

> All base oils of 100 V.I. 
Viscosities are expressed in centistokes here since this is the unit required for calculating V.I. 
To convert to poises the densities of all oils were taken as 0.85 g/cm? at all temperatures. 

© See reference (9) for description of these polymers. 
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viscosity index. This oil is a hypothetical one not readily 
obtainable from petroleum, but its performance is instruc- 
tive. The other two are oils of 0 and 100 Viscosity—Index 
having about the same viscosity as the 140 Viscosity-Index 
oil at 150 F, the oil inlet temperature of the bearing. 
Under isothermal conditions the polymer oils were cal- 
culated to support considerably less load at a given eccent- 
ricity ratio than a mineral oil, as expected (see Table 3). 
The coefficient of friction (not the friction itself) is a 
constant at each eccentricity ratio regardless of the oil used 
and the load it carried. Thus, at constant loads the polymer 
oil would operate at a higher eccentricity ratio with less 


friction. The “stiffness” of the bearings will also be noted. | 


The load increment necessary for a given increase in 
eccentricity ratio rises increase as the eccentricity goes up. 
Under adiabatic conditions (Table 4 and Fig. 6) an 
advantage for high Viscosity Index is apparent from the 
mineral oil results. The bearings operating on the mineral 
‘oils are less “stiff” here than when operating isothermally. 
In fact the curve for the zero Viscosity Index oil is actually 
concave upward so that the bearing would probably fail 
if the load were increased much further. The polymer oils, 
having 140 Viscosity Indices, do not support as much load 
as the mineral oils when the eccentricity and temperature 
rise are low, but as they increase, the polymer oils do 
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TABLE 3 
Isothermal Calculations Based on Viscosity at 150 F 
(2.54 cm, radius shaft, 0.00508 cm, clearance, 1200 rev/min) 





Load (Ib/in? 
projected area)* 
at eccentricity ratio: 





Viscosity (cS at 150 F) 








Oil Base oil | Polymer blend | 0.88 0.90 0.92 0.94 
Mineral oil 27.76 1260 1488 1819 2370 
Polybutene oil 9.22 27.78 1011 1179 1425 1824 
Methacrylate A 14.04 27.07 914 1065 1288 1650 
Methacrylate B 16.87 26.71 931 1088 1319 1699: 














® The loads have been converted from c.g.s. units to lb/in? for easy recognition. 


TABLE 4 


Adiabatic Journal-bearing Calculations 
(2.54 cm, radius shaft, 0.00508 cm, clearance 1200 rev/min, 150 F oil inlet temperature) 











Load (Ib/in? projected area)*® Temperature rise (°F) 

at eccentricity ratio: at eccentricity ratio: 

Oil 0.88 0.90 0.92 0.94 0.88 0.90 0.9 0.94 

140 V.I. mineral oil 730 769 811 854 we. 3: Hv > ee 
100 V.I. mineral oil 678 707 737 767 73: 87: 106-336 
O V.I. mineral oil 622 644 665 683 67 79 96 122 
Polybutene oil 645 684 725 768 70 84 104 135 
Methacrylate A oil 598 637 680 729 65 78 98 128 
Methacrylate B oil 598 636 679 727 65 78 98 128 











® The loads have been converted from c.g.s. units to lb/in® for easy recognition. 
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support as much load as the 0 V.I. oil and eventually as the 
100 V.I. oil. The oil made with polybutene, being less shear 
sensitive, consistently carries higher loads than the other 
polymer oils and in fact matches the 100 V.I. mineral oil 
at 0.94 eccentricity ratio. At this point the coefficients of 
friction of these two oils are also virtually equal. Thus, 
depending upon the temperature rise, a polymer oil may 
require a higher eccentricity than a mineral oil to carry a 
given load and thus will operate with lower friction, or a 
polymer oil can carry as high a load as a mineral oil with 
no reduction in friction. 


Ill. Conclusions 


Journal-bearing performance calculations have been 
carried out on non-Newtonian, polymer-thickened oils 
under both isothermal and adiabatic conditions. At constant 
temperature the calculations show the commonly observed 
reduction in friction with polymer oils when run at the 
same speeds and loads as mineral oils of the same low- 
shear viscosity. However, the calculations also show that 
the polymer oil does not by any means act like the base oil 
from which it was blended even at the highest speeds and 
loads. As a first approximation, the isothermal bearing 
performance of a polymer oil can be estimated assuming 
that the “average” bearing viscosity can be read from the 
viscosity-shear rate curve of the oil, at an average shear 
rate obtained by dividing the surface speed of the shaft by 
the minimum clearance. 

Under adiabatic conditions the high Viscosity Index or 
flatter viscosity-temperature slope of polymer oils compen- 
sates for their loss in viscosity with shear. Under the heavi- 
est loads the calculations show that the temperature rise 
will be high enough that the polymer can actually operate 
at a lower eccentricity with a given load than a high- 
quality mineral oil of the same viscosity at the oil inlet 
temperature. The coefficient of friction goes hand in hand 
with the eccentricity. 

This last observation appears to be at odds with the 
commonly-observed reduction in friction with polymer 
oils. The possible explanations are: (a) Some of the factors 
neglected in the current calculations, like side leakage, 
density variations, effects of pressure on viscosity, can 
affect the comparison between polymer and mineral oils; 
or (b) other properties of polymer oils, such as viscoelasti- 
city or increased viscosity in the oil layers close to the 
surfaces, may play important roles in their lubrication 
properties. In future work it is intended to take these 
additional factors into account. 
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APPENDIX |! 
Mathematics of hydrodynamic journal-bearing 
lubrication with a non-Newtonian liquid 
From the Navier-Stokes equation neglecting inertia and 
side leakage, we have across a cross-section of the film: 


dp dr 

—* Qs [1a] 
T= oy +n [2a] 
dv 3 
5 [3a] 


J (7) can be any function, but in this case it was taken that: 
dv/dy = 7/u where yp is a function of 7 as given in connec- 
tion with Fig. 1 of the text. 


u 

o= [fed =| heer [4a] 

0 7) 
_ anh fla)dr = alte F(ro)), [5a] 
= v Px Fen) Flr) [6a] 

dx 
where F(r) = _if(r)dr, 
and is calculated and tabulated at the start of the problem. 
h 
Q- oly = i =a [F(r)— F(v0) dr = 

(a) = ———— [G(tn) — G(70) — F(70)(tn—70)] [7a] 

where G(r) = fF (r)ar 


and is calculated and tabulated at the start of the problem. 
Vho 

= — 8a 

: [8a] 
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since by definition at ho, dp/dx = 0, and a linear velocity The test for the accuracy of y is 
profile exists. y 

F 2a], d 
rom [2a] R| 540 =p, =0 [14a] 

dp tra—T0 dx 
= ht, or a ; [9] 
a 

te Casey ; In practice y was chosen, dp/dx found at fifty equal 
Eliminating Q, V and dp/dx from [7a] using [6a], [8] and _ intervals from 0 to y and test [14a] was made. New values 


[9], we obtain: of y were found by successive approximation methods. 


0 








G(tn)— G(70)—F(r0)-(tn—70) ho When py<0.001 pmax, y was considered fixed. 
=— [10a] The pressure was found at fifty points in the film by 
4[F (tn) — F(70)(t»—70) h evaluating 
And similarly rewriting [6] gives: 
6 
= d 
F(rn)—F (70) _ ed [11a] p(A)=R {5 [15a] 
Th—TO h dx 


0 
Eq. [10a] and [ila] represent the geometric situation ; ; R 

illustrated in Fig. 7. The velocity and flow rate boundary “S!28 Simpson’s rule. ; 

conditions at each cross-section are satisfied when the The magnitude of the load per unit length and the 

slope of the line is V/h and the shaded area under the direction of the load with respect to the line of centers 

curve is the proper fraction of the area of the triangle 4S found by 

(o/h). When these conditions are met, by trial and error 

numerical methods, dp/dx at that point can be found from —W.sing = R{ p.sin 6d6 [16a] 
0 


Y 


[9a]. Ao must then be found by trial and error to satisfy 
the pressure boundary conditions. 
For a journal bearing and 
h=c(1+ecos#) ho=c(1+ecosOpmax) [12a] Y 
If y is chosen by trial and error, then —W.cos¢ = R{p. cos 6d6 
ho = c(1+€ cosy) [13a] ° 


h has the same value when dp/dx = 0 regardless of The friction force on the shaft was found from 
whether p is at its maximum or p = 0. Thus, y = 27 
— pmax, for an infinite width bearing. ; 
A good first approximation for y for this problem is Fs=R | 0 [17a] 
0 


y = 4.45—1.25¢ 
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The results of this calculation for a Newtonian oil, 
where p is constant, are given in Appendix 2. They are in 
good agreement with the results of Raimondi and Boyd (8) 
and are presented in the format used by those authors. 


H. H. Horowitz anp F. E. STEmDLER 





However, the frictional drag in the discontinuous part of 
the film was not included in these calculations, while 
Raimondi and Boyd did include it. 


APPENDIX 2 


Calculated journal-bearing performance—Newtonian oils 
(360° bearing; no side leakage; constant viscosity (isothermal) ; 


film extends from @ = 0 to point where p and dp/dx = 0.) 














R 
Sommerfeld Eccentricity Film width Attitude cf Qe P 
number ratio (°) angle (°) at shaft RCN Pmax 

0.1237 0.2 241.33 66.90 1.837 2.84 0.813 
0.0629 0.4 226.58 61.64 1.104 2.28 0.763 
0.0407 0.6 213.08 54.23 0.888 1.563 0.668 
0.0299 0.7 206.63 49.09 0.813 1.177 0.596 
0.0211 0.8 200.17 42.18 0.724 0.783 0.499 
0.0115 0.9 193.2 31.67 0.574 0.389 0.359 
0.0094 0.92 191.61 28.69 0.527 0.311 0.321 
0.0072 0.94 189.91 25.22 0.470 0.233 0.281 
0.0049 0.96 187.95 20.88 0.395 0.155 0.229 
0.0025 0.98 185.55 15.07 0.289 0.0776 0.161 
0.0012 0.99 183.77 10.20 0.199 0.0384 0.117 























® This is dimensionless number equivalent to Raimondi and Boyd’s Q/RCNL, L being the length of the bearing. 


DISCUSSION 


H. A. HaRTUNG: 

The authors have done a good job of dispelling some of 
the misconceptions that surround the use of polymer- 
thickened oils, particularly in automotive service. These 
oils have established a solid position in the lubrication of 
automobile engines, and have returned many benefits to 
their users which are beyond the scope of this paper and 
discussion. Nevertheless, questions have been raised 
about their ability to lubricate under high-shear conditions, 
and this paper makes a start on answering these questions. 
It is hoped that future work by these authors will shed 
more light on the lubricating ability of these oils. 

One feature of this treatment which requires comment is 
the neglect of the effect of pressure on viscosity. Admittedly, 
inclusion of this effect would complicate the calculation, and 
for calculations of this type the pressure viscosity effect is 
usually omitted, at least in the initial stages of the work. 
However, it may not be correct to assume, as the authors 
do, that neglecting this effect leaves a solution that is 
“directionally correct”. For instance, viscosities at moder- 
ately-elevated pressures have been estimated for these 
oils (Table Al) by a previously published method!. It is 
apparent that increases in viscosity appear at low pressures 
and at 10,000 Ib/in? the 0v.i. oil has about double the visco- 
sity of the high viscosity-index products. At the high- 
eccentricity ratios used in this work, this effect will be large; 
the conclusions drawn from Fig. 6 of this paper, for 
instance, would certainly be altered appreciably. 

In an experimental study comparing the performance 
of straight petroleum oils of high and low viscosity-index 





1 Hartunec, H. A., “Prediction of the Viscosity of Liquid 
Lubricants Under Pressure,”” Mech. Engng., v.77, 1955, p. 1006. 


in a highly-loaded journal bearing, Needs? has shown that 
the pressure-viscosity effect can be detected. Here differ- 
ences in measured friction were found which could be 
explained by including in the calculations the increases in 
viscosity under pressure for the oils studied. 


TasB_e Al 


Estimated Low-Shear Viscosity at 150 F of Oils of Table 2 
and Various Pressures 














Estimated Viscosity at 150 F, (cS) 
10,000 
Oils Atm. | 2000 Ib/in?| 5000 Ib/in?} jp /in? 
1-4, 140 v.i. | 26.7-27.8 | 37.5 55 98 
5 100 v.i.| 27.6 39 61 124 
6 Ov.i.| 27.2 | 41 73 193 











In the present study, omitting the P-V effect penalizes 
the oils of lower viscosity-index as far as their load-carrying 
ability is concerned. 

While the authors have confined their approach to 
calculation of the lubricating ability of oils, based on hydro- 
dynamic theory, experimental evidence indicates that 
other factors influence the lubrication. For example, engine 
test data? designed to measure the temperature at which 
lubrication fails in an internal combustion engine cylinder 
show that polymer blends produce lubricating effects 
beyond those due to the base oil and even beyond those 
found with a distillate oil of the same viscosity as the blend. 





2 Neeps, S. J., “Viscosity-Pressure Effect on Friction and 
Temperature in a Journal Bearing,” Trans. Amer. Soc. Mech. 
Engrs., v. 80, 1958, p. 1099. 

8 Unpublished data, Atlantic Refining Company. 
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Figure A1 illustrates these results; note that the blend of 
polymer in low viscosity oil is better than a straight distil- 
late oil of the same nominal viscosity, although it is 
poorer than a similar blend containing bright stock. It is 
significant that in this test the load increases as the tempera- 
ture rises; consequently, the polymer blend lubricates at 
higher temperature and under higher load conditions than 
the oil from which it is made. 





Low Visc. Distillate 
plus Bright Stock 
o* 


Low Visc. Distillate 
plus Polymer 
o~* 
Ome _ 
High Visc. Distillate 
Om 
Low Visc. Distillate 


fails in internal combustion engine —> 


Temperature at which lubricant 











Viscosity —> 


Fic. Ai. Lubricating ability of different types of oils as determined 
from engine tests. 


Finally, one point which would influence the inter- 
pretation of results of calculations for adiabatic cases 
concerns the temperature of oil in a bearing. The authors 
choose to make the comparison of straight and polymer- 
blended oils at bearing inlet temperatures. Wilcock! has 
found that bearing outlet temperature is more representa- 
tive of oil temperature within the bearing. Using this 
criterion for comparison, the calculated load-carrying 
capacity of the polymer oils may be no better than that of 
straight oil. 

This reviewer believes that the explanation for the 
demonstrated good lubricating properties of polymer 
blends lies in phenomena occurring in very thin films, and 
hopes that future work by the authors will shed further 
light on this question. 





1 Wircock, D. F., ‘““Turbulence in High-Speed Journal Bear- 
ings” Trans. Amer. Soc. Mech. Engrs., v. 72, 1950, p. 825. 


AUTHORS’ CLOSURE 

Mr. Hartung has raised many valid points in his dis- 
cussion, We should have emphasized the generally good 
field experience with 10W-30 oils: they give low oil 
consumption and easy cold starting with no sacrifice in 
wear protection, despite the fact that they are known to 
suffer temporary viscosity loss. This paper is an attempt 
to explain why, after the facts. 

It is true that we have neglected the effect of pressure 
on viscosity in these calculations. Our maximum pressure 
was about 2300 lb/in? (gauge) in the adiabatic calculations. 
This would have caused only a small change in the differ- 
ence between the oils. Nevertheless, it could have been 
put into the program fairly easily—if we knew the effect 
of pressure on the viscosity of polymer-thickened oils. 
Unfortunately, we do not. (I assume that Mr. Hartung’s 
data in his Table 1 are only order-of-magnitude estimates 
obtained from published data on mineral oils by extra- 
polation.) The effect of pressure on base mineral oil visco- 
sities is known approximately. It also appears that the 
specific viscosity of a polymer at low shear is independent 
of pressure. But the effect of pressure on the specific 
viscosity—shear stress curves is unknown. These curves are 
independent of the viscosity level when the viscosity is 
varied by changing the temperature. This might also be 
true when the pressure is changed, but data is needed to 
support this premise. 

We agree that polymer oils often show unusually-low 
wear rates in engine tests relative to mineral oils of the 
same viscosity. This company plans to publish some of 
its results on the subject this year. These effects can only 
partially be explained on the bases given in this paper. 
Surface adsorption effects, elasticity and other oil qualities 
not considered here may be playing a role in engine 
operation. The purpose of this investigation was to deter- 
mine the effects of “temporary viscosity loss” and viscosity 
temperature slope, pure and simple, on hydrodynamic 
lubrication, so that, when an unusually engine phenomenon 
is observed, one will know whether thes: effects are enough 
to explain it or whether new factors need to be brought in. 

With regard to the temperature rise in the bearing we 
agree that out own experimental results also indicate that 
most of the oil temperatures recorded in an operating 
bearing are close to the outlet temperature and do not 
increase regularly in the direction of the oil flow. This means 
that the true situation lies somewhere between the isotherm- 
al and the adiabatic cases given in the paper. 

















The Contribution of Polymers to Oil Properties Important to Engine 


Lubrication 


By S. M. DARLING! and J. M. MUSSELMAN? 


Polymers in automotive oils permit a practical compromise between low- and high-temperature 
viscosity requirements. Oils containing polymer have low temperature (0 F) viscosities 10° 
to 50% greater than predicted by the ASTM equation (D-341-43). This disadvantage is 
outweighed by their favorable balance between engine friction and oil consumption. They 
have high shear viscosities 20°, to 40°, less than their conventional viscosities, with corres- 
ponding friction horsepower reductions over similar non-polymer oils of 10°/, or more with 
no penalty in consumption. Correlation of friction horsepower with viscosity suggests that 
the controlling shear rates are 750,000 sec or more. Dispersancy is an added property 
built into some of the polymeric additives. Low duty field tests demonstrate the effectiveness 
of this dispersancy in redistributing the “sludge balance” to keep the engine contaminants 
in the oil and filter and not in the working parts of the engine. 


Introduction 


THE automotive engine is a contradictory beast. It demands 
oil thin enough to flow at low temperatures, but insists that 
the oil lubricate effectively at high temperatures. To control 
consumption, it wants a heavy oil, but to cut down internal 
friction it is happiest with a light oil. Polymeric additives 
provide the only means by which these conflicting require- 
ments can be reconciled. 

The ways in which polymers contribute to improved 
motor oil performance have been studied and reported 
extensively (4, 7, 10, 12, 23, 24, 25, 27), particularly 
within the past 10 years, during which time multigraded 
automotive oils have come into general use. In the course 
of a broad study of the effects of compositional variables 
on oil performance we have carried a series of multigrade 
oils through a number of tests, including low-temperature 
flow, engine friction and field consumption tests. The 
resulting data illustrate the advantages which can be 
attributed to the use of polymers in motor oil, and place 
some quantitative measurements on the major effects 
related to viscosity. Recently, polymer modifications have 
added powerful dispersant activity to the other polymer 
properties (2, 23, 24). The effect of this dispersancy also has 
been evaluated in suitable field tests. The engine cleanliness 
achieved by this dispersant action is important in maintain- 
ing free oil circulation and proper lubrication, also. 


Experimental oils 


Table 1 presents the compositions and viscosities of the 
experimental oils containing polymer. A nominal SAE 





Contributed by the ASLE Technicai Committee on Properties 
of Lubricants and presented at the Annual Meeting of the Ameri- 
can Society of Lubrication Engineers held in Buffalo, New York, 
April 1959. 

1 Research Supervisor, Research Department, The Standard 
Oil Co. (Ohio), 4440 Warrensville Center Road, Cleveland, Ohio. 

2 Section Leader of Lube Oils Development, Process and Pro- 
ducts Development Division, The Standard Oil Co. (Ohio), 
4440 Warrensville Center Road, Cleveland, Ohio. 
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grading is indicated for each oil, although some of the 
blends approximated but did not rigidly meet the low 
temperature requirement for the grade shown. For our 
purpose this approximation is sufficient. The base oils were 
formulated from 95 viscosity index solvent-refined mid- 
continent neutral oils. Base oils E and G contained minor 
amounts of a special higher v.i. blending stock. This stock 
had no significant influence on the performance of polymer 
in the blends, and is not considered to be a variable in 
the present work. The additives used were sulfonate or 
sulfonatephenate plus a zinc dithiophosphate typical of 
commercial practice. The reported base stock viscosities 
were determined with the additive present. The polymers 
are all commercial viscosity index improvers. Polymers V 
and W are methacrylates, X and Y are modified methacry- 
lates with dispersant activity, and Z is a polyisobutylene. 
The table includes measured and extrapolated 0 F. vis- 
cosities and calculations of the percentage viscosity due to 
polymer for later reference. 


Engine friction 


The most unique contribution of polymers in motor oil 
is the ability to reduce engine friction without a corres- 
ponding reduction in conventional viscosity of the oil—poly- 
mer blend with respect to a comparable non-polymer 
oil. We have found no other blending stock or additive 
which affects gross engine friction independent of con- 
ventional viscosity. This unique contribution of polymers 
is due, of course, to temporary viscosity loss at high rates 
of shear, and is well documented in the literature (5, 10, 11, 
17, 26). ‘To measure the magnitude of this contribution, 
we determined the viscosity-friction relationship for a 
series of non-polymer oils following a procedure similar 
to that used by Lane and Chatfield (18), and then made 
similar measurements for the experimental oils. The 
experimental friction measurements then were transcribed 
into apparent engine viscosities, which were compared to the 
conventional viscosities to evaluate the effect of the polymers. 
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Equipment and Procedure 


The friction measurements were made in a 1956 V-8 
engine of 292 in? displacement and 8.4 compression ratio, 
coupled to an electric dynamometer. This engine is rep- 
resentative of modern, high compression V-8 design. It was 
well broken-in in other use before the current work was 
done. The engine was instrumented to measure appropriate 
temperatures and air and fuel flow. It was equipped with 
crankcase and jacket heat exchangers to control tempera- 
tures, and the crankcase was modified so that it would be 
flushed and recharged with oil with no carry-over from 
one oil to the next. Measurements were made at 1600, 2100 
and 2700 rev/min, and at 110, 150 and 190 F jacket 
and sump temperatures, a total of nine observations per 
oil. In making a measurement the engine was operated on 
commercial fuel to bring the temperatures to approximately 
the desired level quickly, Then it was motored until the 
temperatures were stabilized, at which time a reading was 
taken. Motoring was done with the throttle wide open to 
maximize compression as much as possible. The crankcase 
was drained after each series of readings and was flushed 
with about 3 quarts of the next test oil. This also was 
drained, and the engine was then charged with 3.5 quarts of 
fresh test oil, which was sufficient to bring the oil to the 
normal level, due to the volume occupied by the cooling 
coils, Oil samples were taken before and after testing. 


Calibration 


Measurements were made on a variety of conventionally- 
refined and solvent-refined neutral oils without any 
additives or polymers. These oils varied in viscosity from 
34 to 69 SSU at 210 F and from 56 to 100 in viscosity index. 


Viscosities for these oils at the test temperatures were read 
from the ASTM chart and plotted against the observed 
friction horsepower at each engine speed. The data are 
plotted in Fig. 1, and indicate a straight line relationship 
between friction horsepower and log viscosity. The 
equations for the lines are: 


1600 rev/min, log 19V = 0.4996+0.1419 (f.h.p.) Syx 


= +0.0384 
2100 rev/min, log 19V = 0.3292+0.1026 (f.h.p.) Syx 
= +0,0435 
2700 rev/min, logipV = —0.0205 + 0.0808 (f.h.p.) Syx 
= +0.0357 


where V is in SSU at the operating temperature. With this 
calibration the engine could be used as a viscometer for 
the experimental oils. The standard deviation of the data 
in Fig. 1 in terms of log viscosity is approximately + 0.04 
(see Syx above), which represents an uncertainty in the 
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Fic. 1. Friction horsepower vs. viscosity for calibration oils. 



































TABLE 1 
Experimental Oils 
Oil Daal B c D E F G H 
Nominal grade | 10W-20 10W-30 10W-30| SW-30 5W-30 10W-30 10W-30 5W-20 
Composition (vol. %) | 
Base oil | 91.0 86.2 90.2 87.3 87.8 84.3 84.3 91.8 
Additives 5.0 4.3 4.3 Ty 3.7 3.7 3.7 a 
Polymer V | 1.0 —_ _ _ _ _ _ —_ 
WwW —_ 1.5 _— 9.0 8.5 — — 4.5 
x / = wn 5.5 i oa - ~— _ 
Y ee 2.0 =e “ca as “be see 
Z 3.0 6.0 —_— _ | —_ 12.0 12.0 _— 
Viscosity (cS) | 
Base oil® 210 F 5.97 5:57 7.02 5.07 4.80 5.97 5.60 4.61 
100 F 40.0 37.1 53.2 30.7 26.3 40.1 33.1 26.3 
meas. OF 2055 1854 3535 1253 867 _ 1179 970 
extrap. OF 2170 2280 (4350 1430 978 — 1410 1085 
Blend 210 F 7.62 12.26 12.51 12.24 12.62 13.23 12.16 7.59 
100 F 49.7 78.6 83.6 61.2 64.1 99.4 76.5 39.3 
meas. OF | 2550 3165 3744 1692 1569 _ 2759 1069 
extrap. OF | 2170 2605 3045 1040 1150 —_ 2390 890 
Viscosity index | 124 137.5 135.5 154 | 152 127 139 149 
Percentage vis. due to 
Polymer, 210 F 21.6 54.5 43.8 58.6 61.9 54.8 54.0 39.3 
100 F 19.5 53.8 36.4 49.8 58.9 59.8 56.8 33.1 
meas. OF | 19.4 41.4 6.5 25.9 44.8 — 57.3 9.3 








® Base oil viscosities include additives other than polymer 
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actual viscosity value of about + 10%. Viscosities deter- 
mined in this way thus are not precise, but will serve as 
a first approximation. ' 

Replicate testing of two of the calibration oils at the start 
and finish of the program gave a standard error of 0.372 
f.h.p. for a single determination and 0.175 for the average 
of nine determinations of friction horsepower (at varying 
speeds and temperature). 
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Fic. 2. Friction horsepower vs. viscosity for oils containing 
polymer. 


Experimental Test Results 


The friction horsepower measurements on the experi- 
mental oils are presented in Table 2, and are plotted in 
Fig. 2 in comparison with the curves for the calibration 
oils. The reductions in friction horsepower effected by the 
polymers perhaps are more graphically illustrated in Fig. 3, 
where a plot of average friction horsepower vs. 210 F 
viscosity shows that multigraded oils of from 67 to 70 SSU 
give engine friction as low as non-polymer oils of from 46 
to 50 SSU. While this comparison is biased somewhat by 
differences in v.i. (all f.h.p. measurements being at tempera- 
tures below 210 F), even the higher v.i. of the multigrade 
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oils is due to the polymer and so is a legitimate part of the 
overall effect. 

The “engine viscosities of the multigrade oils estimated 
from the f.h.p. measurements are presented in Table 3. 
These high-shear viscosities are compared to the conven- 
tional viscosities in Table 4. Under engine conditions the 
viscosity decrease due to high shear represents a very 
substantial part of the viscosity contributed by the polymer, 
the exact amount depending on the concentration and type 
of polymer. (The 150 F result on oil C is due to random 
error, and could not logically exceed 100%). 


Oil Nominal Grade 


cot 8B 1OW -30 
Cc 1\OW-30 
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Fic. 3. Average friction horsepower vs. conventional viscosity. 


Popovich (29) and Mengelkamp (22) have related oil 
viscosity to prevention of engine wear, and find an optimum 
in the SAE 20 range (50-57 SSU or 7.75-9.35 cS at 210 F). 
Although the conventional viscosities of the multigrade 
oils (10W-30) fall above this optimum, the high-shear 
viscosities are within this range. Mengelkamp found good 
anti-wear performance for the 10W-30 compared to single 
graded 20W oils. He compared the oils on the basis of 


TABLE 2 


Friction Horsepower Measurements on experimental Oils 











Oil B Cc D E F G H 
Viscosity, SSU 
Before test 
100 F 388.3 387.6 283.7 297.0 459.4 354.4 181.1 
210 F 67.85 68.38 67.41 68.75 70.96 67.11 51.10 
After test 
100 F 321.9 328.0 222.7 248.4 399.8 307.5 172.0 
210 F 62.07 62.43 58.03 60.44 67.22 62.39 50.01 
Friction horsepower 
1600 rev/min 110 F 12.2 12.6 1.1 10.8 12.7 12.4 11.1 
150 F 10.2 9.6 9.5 9.5 10.2 10.3 9.3 
190 F 8.9 8.7 8.5 8.6 9.0 8.9 8.4 
2100 rev/min 110 F 18.6 19.3 7.3 17.0 18.9 18.5 16.9 
150 F 15.7 15.4 52 14.9 16.4 15.9 14.6 
190 F 13.9 13.9 13.3 13.5 14.4 14.4 13.4 
2700 rev/min 110 F 27.9 28.0 26.7 27.0 28.6 28.3 25.9 
150 F 24.7 24.2 23.8 23.6 25.2 24.1 22.8 
190 F 22.1 22.2 21.3 21.3 22.8 22.3 20.9 
Avg. f.h.p. 17.31 17.10 16.30 16.24 17.58 17.23 15.92 
Avg. f.h.p. of non-polymer 
oil of same 210 F vis. 19.71 19.77 19.66 19.81 20.07 19.59 17.49 
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equal 100 F viscosities, since the higher v.i. of the multi- 
grade oils places them with the 20W oils at the lower 
temperature. Savage and Bowman (30) also observed 
favorable bearing wear performance for 10W-30 oil com- 
pared to straight SAE 30. The wear reduction with oils 
containing polymers may result from the combined effects 
of high viscosity index and reduced high shear viscosity. 

Fenske (5) and Needs (26) have made careful measure- 
ments of the temporary viscosity loss of polymer blends 
at various shear rates. From a comparison of the magnitude 
of their viscosity losses and those from Table 4, it appears 
that the average controlling shear rate in the friction engine 
was on the order of 750,000 sec~!. This agrees with estimates 
of shear rates in various parts of an engine cited by Denison 
and Kavanaugh (4). 
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These reduced engine viscosities are a result of combined 
temporary and permanent viscosity loss, the latter being 
due to shear breakdown of the polymers. The measured 
viscosities of the oils after test (Table 2) show the magnitude 
of the permanent loss which occurred in the short time the 
oils were in the test engine. The viscosity changes rapidly 
as an oil is first subjected to shear, and then reaches a stable 
equilibrium. This is illustrated in Fig. 4. for oil B, in which 
used oil viscosities are plotted after various mileages in 
actual service, and after shearing in a Chevrolet engine 
in the laboratory. The changes in viscosity occurring in 
1500 to 2500 miles service in normal service are shown 
in Table 5 for the experimental oils. The total and perm- 
anent changes in the friction engine are compared with the 
equilibrium change in field service in Table 6. The perm- 


TABLE 3 
Estimation of High Shear Viscosities (SSU) of Oil-Polymer Blends from f.h.p. Measurements 






































Oil B Cc D E F G H 
110 F 1600 rev/min 168 192 120 110 195 180 120 
2100 180 208 130 112 190 175 120 
2700 178 184 142 150 205 195 122 
150 F 1600 rev/min 88 75 73 73 90 93 70 
2100 90 84 79 75 105 94 71 
2700 97 87 83 79 106 86 69 
190 F 1500 rev/min 60 56 64 55 62 60 51 
2100 60 58 53 55 67 67 53 
2700 60 60 52 52 69 62 46 
Average vis. (SSU) 
110 F 175 195 131 124 197 183 121 
150 F 92 82 78 76 100 91 70 
190 F 60 58 53 54 66 63 50 
TABLE 4 
High-shear Viscosity from f.h.p. Related to Viscosity Contributed by Polymer 
% conv. vis.| High-shear | % temp. vis. Vis. loss 
Oil Temp.| Conv. vis. due to vis. (cS) loss at % of vis. 
(°F) (cS) polymer (from f.h.p.)| high-shear | due to polymer 
B 110 66.6 55.9 37.5 43.6 78.5 
150 29.8 55.5 18.6 37.8 68.0 
190 16.1 54.9 10.2 36.6 66.7 
Cc 110 66.6 38.3 41.9 37.1 97.4 
150 29.8 40.6 16.1 45.8 112.0 
190 16.3 43.8 9.6. 40.8 93.2 
D 110 51.5 52.1 27.7 46.2 88.8 
150 26.0 56.1 15.1 41.9 74.6 
190 15.3 58.1 8.2 46.3 79.3 
E 110 51.7 52.2 26.1 49.5 94.8 
150 26.4 55.1 14.6 44.8 81.1 
190 15.6 57.1 8.5 45.8 79.5 
F 110 76.6 58.6 42.4 44.6 76.2 
150 33.0 57.8 20.5 40.9 70.8 
190 17.3 55.7 11.9 31.2 55.9 
G 110 63.0 57.4 39.3 37.6 65.5 
150 28.9 56.3 18.3 36.6 64.9 
190 15.6 54.0 11.1 28.8 53.4 
H 110 31.9 30.6 25.4 20.7 67.8 
150 16.1 33.7 13.0 19.3 57.2 
190 9.5 37.7 7.3 23.4 62.0 
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anent change occurring in the short friction tests was about 
one-half the equilibrium change. The equilibrium perman- 
ent change, moreover, represented only about two-thirds 
of the total decrease at high shear. Temporary viscosity 
loss thus continues to play a part in reduction of engine 
friction throughout the normal life of the oil. 


TABLE 5 


Permanent Viscosity Loss Comparison of New and Used 
Oil Viscosities (Used Oils Stripped of Dilution) 











Viscosity 210 F (cS) Vis. loss % 
Oil % vis. loss | of vis. due 
New | Used at 210 F to polymer 
A 7.62 7.09 6.9 31.9 
B 12.26 9.43 23.1 42.4 
Cc 12.51 8.89 28.9 65.9 
D 12.24 8.06 34.1 58.1 
E 12.62 8.08 36.0 58.2 
G 12.16 9.91 18.3 33.9 
H 7.59 6.06 20.2 51.4 

















Friction horsepower measurements of some oils after 
being sheared to equilibrium viscosity in the laboratory 
engine suggest that for a given concentration of a polymer, 
the high-shear viscosity remains the same regardless of 
the extent of shear breakdown. Thus, for oil B the following 
comparison may be made: 











Oil B 
New Sheared 

Viscosity (SSU) 210 F 

Before f.h.p. test 67.48 57.48 

After test 63.65 57.67 
Average f.h.p. 17.29 17.66 
Approx. high shear vis. 53 54.5 

(from Fig. 3) 











Thus, although the viscosities estimated from the friction 
horsepower measurements are a compound result of tem- 
porary and permanent viscosity loss at high shear, they 
must closely approximate the temporary loss which would 
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Fic. 4. Viscosity change due to polymer shear breakdown. 


be shown by a completely stable polymer. With respect to 
engine friction, the presence of polymer in an automotive 
oil is decidedly advantageous. 


Oil consumption 


While engine friction is determined by high shear 
viscosity, it has been established that oil consumption is 
better related to low shear or conventional viscosity (10, 
13, 15, 19, 27). Georgi (14) has cited a relationship with 
high-shear viscosity for lighter oils. Patterson and Gregor 
(28), Coon and Loeffler (3), Miller and Parker (23), and 
Horowitz (17) have related oil consumption of multigrade 
oils to the used oil viscosity. Frazier et al. (10) and 
McReynolds et al. (21) found good agreement with new 
oil viscosity. Field consumption tests on the experimental 
oils of Table 1 also have shown better agreement with new 
oil viscosity than with used oil viscosity. 


Test Procedure 


Consumption tests were conducted in a fleet of salesmen’s 
cars in normal service, traveling from 1000 to 3000 miles 
per month. The program was set up in statistical pattern 
similar to that used by Frazier et al. (10) and Patterson 
and Gregor (28). It involved a 7 x 3 Youden square pattern 
repeated six times, so that each oil was run a total of 
eighteen times. The program was conducted during August, 
September and October. These normally hot months 
coupled with the normal driving habits of salesmen make 
the test fairly severe. 





Oil Consumption Qts./1000 Miles 








4 l 1 a 


50 





55 60 65 7Q 
New Oil Viscosity, SSU at 210° F. 


Fic. 5. Oil consumption vs. new oil viscosity. 


Test Results 


The average oil consumption results are plotted vs. new 
oil viscosities at 210 F in Fig. 5. The vertical lines through 
the experimental points represent the statistical 95% 
confidence limits for the data. The new oil viscosities at 
210 F explain 96% of the variation in oil consumption. 
Frazier et al. (10) found correlation with the 300 F viscosit- 
ies. A similar analysis of the present data has shown that 
the 300 F viscosities of the new oils explain 89% of the 
variation in oil consumption. In contrast the 210 F vis- 
cosities of the used oils showed distinctly poorer correlation. 
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The viscosities before and after stripping dilution explain 
only 48% and 56% of the variation in consumption. The 
average viscosity changes of the oils in this test are those 
shown in Table 5. 

The apparent contradiction between these results and 
those of Patterson and Gregor (28), Coon and Loeffler (3), 
and Miller and Parker (24) may be due to differences in 
test conditions. Length of service, for instance, should 
be important in determining whether the new or used oil 
viscosity is most significant in determining consumption, 
the used oil viscosity becoming more important with 
increased service between oil changes. The oils in the pre- 
sent test were changed on a monthly schedule, the average 
mileage between changes being 1840. This is representative 
of common practice (16). The temperature profile through- 
out the engine also may be important in determining the 
relative performance of oils that differ considerably in 
viscosity index. 

Our experience in several previous programs has been 
similar to that in the present test, and substantiates the 
conclusion that the use of polymers in motor oil provides 
an advantageous compromise between engine friction and 
oil consumption. 


TABLE 6 
Viscosity Changes in Use 





Percentage of new oil viscosity, 210 F (cS) 


| 
oe ee ae ter a a 








Oil Due to | Decrease at | Permanent Permanent 

polymer | high shear | loss in f.h.p. | loss in field 
(f.h.p.)(109 F)| engine 

A | 21.6 | — _ 6.9 

mi. 8 a a 

c | 43.8 | 40.8 | 13.0 28.9 

ae 58.6 | 46.3 21.4 | 34.1 

E | 61.9 | 45.8 18.3 36.0 

ee. = a Soe 

G | 54.0 | 28.8 10.6 | 18.3 

ae ae 23.4 4.2 20.2 





Low-temperature performance 


Although polymers are added to oils primarily to improve 
the low temperature performance, there has been consider- 
able discussion of their actual effectiveness in this regard. 
Georgi (13) has pointed out the obvious anomaly of a multi- 
graded oil with a predicted 0 F viscosity (extrapolated 
according to ASTM D-341-43) lower than that of the 
base oil from which it was blended. Foreman (8, 9) has 
shown discrepancies between the extrapolated and actual 
measured viscosities of oils at low temperatures. He found 
solvent extracted neutral oils of about 95 v.i. to have some- 
what lower viscosities than predicted, while oils containing 
polymer had measured viscosities higher than predicted. 
Malone and Selby (20), and Fischl et al. (6) have made 
careful studies of the low-temperature viscosities of multi- 
graded oils. They find that the temporary reduction in 
viscosity at high shear again is important in determining 
ease of starting with multigrade oils. The conventional low 
shear viscosity is not indicative. Fischl et al. point out 


that shearing stress rather than shear rate is the pertinent 
factor in determining temporary viscosity loss at high 
shear. Although the shear rates when starting an engine 
are low (about 2500 sec~!) the viscosity is high, so that 
shearing stresses are very similar under cold starting and 
hot running conditions (about 1 x 105 dyn/cm?). Fischl et 
al. used an engine as a low-temperature viscometer. 
Similar measurements were not made on the present 
experimental oils. However, it is reasonable to assume that 
they would show percentage reductions in viscosity at low 
temperatures similar to those determined at higher tempera- 
tures (‘Table 4). 

The 0 F viscosities of the experimental oils and their 
base oils were measured using a modified Stormer visco- 
meter as described by Foreman (8, 9). These are essentially 
low shear viscosities (1 to 3 sec~!), and do not reflect any 
temporary viscosity loss. Deviations from extrapolated 
viscosities were found as expected. These are presented in 
Table 7 as ratios of measured to extrapolated viscosities. 


TaBLE 7 
Comparison of Measured vs. Extrapolated 0 F Viscosity 











M/E ratio (measured/extrapolated vis.) 
Oil Base oil Blended oil 
A 0.95 1.17 
B 0.82 1.24 
Cc 0.81 1.23 
D 0.88 | 1.63 
E 0.89 | 1.36 
G 0.84 | 1.16 
H 0.89 1.21 








Although in ease of starting, high shear will exist in the 
moving parts of the engine, flow of oil along passages and 
oil lines should reflect these low-shear viscosities, and oil 
flow should be somewhat more sluggish than the extra- 
polated viscosities predict. Reductions in engine wear from 
use of multigrade oils have been attributed to the ability 
of these oils to get on the job faster during the initial cold 
operation (25). Even with some positive deviation from 
predicted viscosity, the multigrade oils will flow more 
readily than a single grade oil of equal 210 F viscosity. 
Therefore in low-temperature performance polymers again 
are advantageous as motor oil components. 


Dispersant action 


Modifications in the substituents on the polymer chain 
have made powerful dispersants of the methacrylate v.i. 
improvers (2, 23). Field testing under low duty conditions 
has shown that these modified polymers do not substantially 
affect the amount of sludge formed in the engine, but they 
do keep it suspended in the oil. This is important, since 
the oil contamination is removed with the drain oil, rather 
than left to accumulate in the crankcase, oil passages and 
filter. 

The field testing was conducted in a taxi fleet of thirty 
cabs in a procedure similar to that described by Albrecht 
et al. (1). The cabs were equipped with new engines and 
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run for 36,000 miles each in normal service, with 4500 
mile oil drain periods. The engines were equipped with 
by-pass oil filters, and new cartridges were installed every 
third oil drain (13,500 miles). The cabs operated on com- 
mercial regular-grade gasoline. Oil consumption was 
recorded, and used oils and filters were saved. At the end 
of the test the engines were replaced in the cabs and the 
test engines were opened and inspected. The pentane- 
insoluble sludge in the engines, in the filters, and in the 
used oils was determined to get a total sludge balance. 
A correction for oil consumption was applied to sludge in 
the used oil, based on linear rate of consumption over 
the period between oil drains. 

The compositions of the test oils in this program are 
shown in Table 8, and are similar to the other experimental 
oils. Oil I contained no dispersant polymer, while the other 
oils contained either Polymer X or Y, both of which have 
dispersant activity. The additives other than polymer were 
sulfonate or sulfonate-phenate plus a zinc dithiophosphate. 
Although the sulfonate-phenate balance was slightly 
different from oil to oil the inhibitor content was constant 
at 0.07% zinc. 

The gross sludge balances for all oils over the 36,000 
test miles are shown in Fig. 6. The vertical lines indicate 
the 95% confidence limits. There are no significant differ- 
ences in gross sludge among the oils, except for oil I, which 
had no dispersant polymer and had somewhat more total 
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sludge. The results suggest that the polymeric dispersants 
also may reduce the total sludge, but on the basis of a single 
comparison this is not conclusive. The results of Miller 
and Parker (23) also suggest a reduction in total sludge in 
somewhat similar field tests. However, any reduction is 
secondary to the powerful redistribution due to dispersancy. 
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Fic. 7. Percentage distribution of pentane insolubles. 
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The distribution of sludge in the drain oil, the filter, and 
the engine is shown for each oil in Fig. 7. The dispersant 
polymers very definitely kept more of the contaminants in 
the oil, where they were removed at the drain period. The 
bulk of the unsuspended contaminants was found in the 
filters. Particularly with oil I, without dispersant polymer, 
this is striking evidence of the effectiveness of the oil filter. 
However, over-loading the filter with low-duty sludge 
prevents it from functioning efficiently in its primary pur- 
pose of removing particulate abrasive contaminants from 
the oil. The oil drain and filter change periods in the taxi 
fleet test were longer than recommended for normal 
practice in order to increase the severity of the test. The 
polymeric dispersant should show the same advantage with 
conventional drain periods, thus contributing to more 
efficient functioning of the lubrication and filter systems. 
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Gear Lubrication in Inert Gas Atmospheres 


By B. B. BABER!, C. W. LAWLER!, H. R. SMITH?, G. A. BEANE? and P. M. KU! 


An investigation was made of the effect of inert gas atmospheres on the gear load-carrying 
capacity of lubricants. The experiments were performed in two types of gear test machines, 
using case-hardened AMS-6260 steel test gears. It was found that two mineral oils (a 
solvent-extracted turbine oil base stock and a USP grade white mineral oil), as well as the 
same oils fortified with different extreme-pressure additives, all exhibited a decided increase 
in load-carrying capacity when the gears were operated in an atmosphere of nitrogen or 
argon instead of air. On the other hand, the response of synthetic lubricants was not found 
to be necessarily similar. In fact, only one of the six synthetic fluids tested showed any sig- 
nificant increase in load-carrying capacity when the gears were operated in a nitrogen 
atmosphere. 


Introduction 


Tue advent of high-speed aircraft and spacecraft has 
brought about a number of difficult lubrication problems, 
not the least of which is that associated with high operating 
temperatures. Due basically to the limited cooling available, 
the lubrication system of the advanced flight vehicles must 
operate at temperatures considerably higher than those 
found in the current aircraft. For such applications, 
lubricants of exceptionally high oxidative and thermal 
stability and exceptionally high resistance to spontaneous 
ignition are required. 

Quite apart from the development of improved lubricants, 
means which will extend the high-temperature capability 
of available lubricants are also worthy of consideration. 
An attractive scheme in this regard is the application of 
an inert-gas atmosphere over the lubrication system. 
Inert-gas blanketing prohibits spontaneous ignition and 
oxidative degradation, thus permitting lubricant tempera- 
tures higher than otherwise tolerable. However, before 
inert-gas blanketing can be safely put into practice, its 
effect on the lubricant’s ability to provide adequate lubri- 
cation to moving parts must first be determined. The liter- 
ature contains references on the effect of the absence of 
oxygen or the presence of an inert gas on sliding with little 
or no lubricant present (1-4), and on the performance of 
ball bearings in the presence of a copious amount of lubri- 
cant (5). In the case of sliding with little or no lubricant 
supply, the literature shows that removal of oxygen greatly 
increased friction and wear. In the case of ball bearings, 
it was found that satisfactory operation in inert-gas atmos- 
pheres was possible, provided the bearings were flood- 
lubricated with a mineral oil or a MIL-L-7808 oil. This 
paper attempts to supply data on another facet of the 
problem, viz. on the effect of inert-gas atmospheres on the 
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gear load-carrying capacity of lubricants when the lubricant 
is supplied in copious quantity. 


Test equipment 


Gear Test Machines 

Two types of gear test machines were used in the work 
reported herein. For the sake of convenience, they will be 
referred to as the standard Ryder gear machine and the 
research Ryder gear machine. The standard Ryder gear 
machine, which is commercially available, is the machine 
used in several military specifications for determining the 
gear load-carrying capacity (or the scuff-limited load) of 
lubricants. The research Ryder gear machine, designed and 
built by Southwest Research Institute, is currently being 
used at SwRI for advanced research applications. 

The research Ryder gear machine was designed to use 
test gears of the same dimensions as the standard Ryder 
gear machine. The design features of both machines have 
been briefly described in a recent paper (6). On the basis 
of data presented in that paper and data collected subse- 
quently at SwRI, the two machines have very nearly the 
same rating level. 


Test Gears 

Standard Ryder test gears were used throughout this 
work. These gears are made of AMS-6260 steel, and have 
essential characteristics as shown in Table 1. 


Test Oil Systems 

The test oil system used with the standard Ryder gear 
machine has been described elsewhere (7). The test oil 
system used with the research Ryder gear machine in the 
present investigation was similar to the above test oil 
system, except that its capacity is 2 gal, rather than 500 ml. 
Further, it uses a fluid-type heat exchanger to heat the test 
oil, rather than an electric heater. 


Support Oil Systems 


The support oil system used with the standard Ryder 
gear machine has been described in reference (7). The 
support oil was a MIL-L-6082, Grade 1100, mineral oil. 
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The same support oil system was used with the research 
Ryder gear machine in this investigation, except that a 
MIL-L-7808 synthetic oil (coded as T-5 in Table 2 in 
this paper) was used as the support oil. 


TABLE 1 
Essential Characteristics of Standard Ryder Test Gears 





Narrow (drive) gear | Wide (driven) gear 








Pitch diameter (in.) 34 34 
Tooth face width (in.) 4 +8 
No. of teeth 28 28 
Diametral pitch 8 8 
Press. angle (°) 22.5 22.5 
Tip relief (in). None None 
Material AMS-6260 steel AMS-6260 steel 
Core hardness Rockwell C 30-40 | Rockwell C 30-40 
Case hardness Rockwell A 81-84 | Rockwell A 81-84 
(0.025-0.040 (0.025-0.040 
in. depth) in. depth) 

Surface finish, r.m.s. | 

20-35 20-35 





(uin.) | 





Inert-gas Systems 

The inert-gas system used with the standard Ryder gear 
machine is shown schematically in Fig. 1. An improved 
system, shown schematically in Fig. 2, was used with the 
research Ryder gear machine. 


Test procedure 


Control of Gas Atmospheres 

The early experiments were made on the standard Ryder 
gear machine, using the inert-gas system shown in Fig. 1. 
A regulated flow of bottled compressed nitrogen or argon 
was passed through a heated copper-filled deoxygenator, 
a water-cooled heat exchanger, a calcium sulfate (indicating) 
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Fic. 1. Schematic diagram of inert-gas system used with standard 
Ryder gear machine. 
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drier, a flowmeter and then to the gear machine. The gas 
was introduced into the test oil chamber of the gear machine 
through one of the inspection holes. All other holes in the 
test oil chamber were plugged. The inspection of gear 
scuff was accomplished through a clear plastic plug. The 
gas was exhausted through a vent located in the top of the 
test oil sump, thus insuring that no residual air was present 
in the test oil system. 
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Fic. 2. Schematic diagram of inert-gas system used with research 
Ryder gear machine. 


An improved inert-gas system, shown schematically in 
Fig. 2, was used for most of the experiments using the 
research Ryder gear machine. In this system, bottled 
inert gas was passed through a counter-current flow of 
pyrogallol in a scrubbing column packed with Berl saddles. 
A dry-ice cold trap was added to the system to remove the 
moisture picked up by the gas in the column, before it was 
passed through the calcium sulfate drier. The gas was 
introduced into the gear machine through the screw-thread 
type non-rubbing seals used to separate the test oil and 
support oil chambers. At a point immediately ahead of the 
gear machine, a small continuous sample was taken from 
the gas stream and passed through an oxygen detector (a 
bottle filled with ammoniacal cuprous chloride). The 
absence of a blue color in the solution was taken as an indi- 
cation that the gas was free of trace amounts of oxygen. 

In addition to tests with inert gas atmospheres, tests 
were also made with air under both “static” and “flowing” 
conditions in most cases. The static tests were made with 
the gear case vented to the surroundings, i.e. in strict 
accordance with the standard load-carrying capacity test 
procedure (7). For tests with flowing air, air from the 
laboratory compressed-air system was used. When using 
the compressed air, the copper-filled deoxygenator in Fig. 
1, and the pyrogallol column and cold trap in Fig. 2, were 
disconnected. 

The flow of air or inert gas was carefully controlled in 
all but the early tests on mineral oils conducted on the 
standard Ryder gear machine. In all tests for which the 
flow was controlled, the flow rate was 101/min, and the 
air or gas temperature entering the gear case was approxi- 
mately 105 F. A slight pressure was maintained in the 
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system to insure against contamination due to leakage of 
air or fumes from the surroundings. 


Deaeration of Test Oil 

In all tests with the standard Ryder gear machine, the 
test oil was used as received and no attempt was made to 
deaerate the oil. 

In all inert-gas tests with the research Ryder gear 
machine, the test oil was deaerated before each test. The 
deaeration process consisted of heating the lubricant to 
165 F in the test oil sump under a vacuum for 1 hr, while 
deoxygenated and dried nitrogen was bubbled through the 
lubricant. Analysis of the deaerated oil by gas chromato- 
graphy showed no detectable concentration of oxygen. 
The sensitivity of the method was determined to be at 
least one part in 1000 by volume. 


Cleaning of Test Gears 

New test gears were used for all tests. Immediately before 
each test, the gears were thoroughly cleaned with Stoddard 
solvent, and then dried by blowing with compressed air. 
Although no special precautions were taken in installing 
the cleaned gears in the test machine, the tooth surfaces 
were not touched by hand. 


Cleaning of Test Oil System 

At the end of each test and before the test machine end 
cover was removed, the entire test oil system, including 
those parts of the test machine in contact with the test oil, 
was thoroughly cleaned and flushed out first with Stoddard 
solvent and then with petroleum ether. The end cover, 
and then the used test gears, were removed. After instal- 
lation of the cleaned new test gears, the end cover was 
replaced. The entire test oil system was then flushed out 
with test oil. After complete draining, the system was 
refilled with the test oil. 


Determination of Load-Carrying Capacity 

Standard load-carrying capacity test conditions and 
procedure (7) were used, except for changes necessary due 
to the introduction of controlled gas atmosphere as noted 
above. The test lubricant was supplied by means of a 
single jet to the unmeshing side of the test gears. The 
machine was operated at 10,000 rev/min with test oil and 
support oil temperatures maintained at 165 F. The test 
gears were loaded first to 5 lb/in? (gauge) load oil pressure, 
and then at successive increments of 5 Ib/in?. A 5 lb/in? 
step is equivalent to a tooth load of 370lb/in. on the 
standard Ryder gear machine, and 230 lb/in. on the research 
Ryder gear machine. The duration of each loading period 
was 10 min. At the end of each loading period, the machine 
was stopped and each tooth of the narrow test gear examined 
by means of a microscope to determine the percentage of 
working area that had been scuffed. The average of the 
percentage scuff area on all teeth was then plotted against 
the load oil pressure. The scuff-limited load (or load-carrying 
capacity) was defined as the tooth load on the narrow test 
gear at which an average of 22.5% of the total working 
tooth area was scuffed. This was determined graphically 
from the plot of average scuff vs. load oil pressure. 


Test precision 
Precision of Load-Carrying Capacity Test 

On the basis of extensive data available at Southwest 
Research Institute, the repeatability standard deviation of 
the load-carrying capacity (scuff-limited load) test is 9%, 
of the average rating. At 90% confidence level and on the 
basis of four determinations, the uncertainty involved is 
245 lb/in. for an average rating of 2000 lb/in., and 370 Ib/in. 
for an average rating of 3000 lb/in. 


Purification of Inert Gases 

The nitrogen and argon used in this investigation were 
commercially available, bottled-compressed gases. The 
purity of the gases, the analysis of which was obtained 
from the suppliers, was given as 99.9% for nitrogen and 
99.996% for argon. The oxygen concentration was given 
as approximately 50 p.p.m. by volume in both cases, It was 
felt that an attempt should be made to remove as much 
of the oxygen as possible by treating the gases before they 
were introduced into the test oil system. The first method 
used was that of reacting the oxygen with copper. It was 
later found that the oxygen could not be completely 
reacted out of the gas stream because the physical size of 
the copper bed was limited, and there was some indication 
that it was not sufficient to handle the high gas flow-rate 
used. This was first detected when refinement consider- 
ations of the studies were made. A qualitative analysis of 
the gas from the copper bed was made by passing the gas 
through a solution of ammonical cuprous chloride (8). It 
was found that though most of the oxygen had been re- 
moved, a trace amount still existed in the gas stream. It 
was then decided to use the more efficient but less oper- 
ationally versatile method of pyrogallol absorption. With 
this method in operation, a continuous type analysis with 
ammonical cuprous chloride indicated that the oxygen 
content of the gas used in the latter studies was something 
less than a trace. 

Moisture in the air or inert gas was removed by means 
of calcium sulfate. It is estimated that the moisture content 
was between 0.005 and 0.01 mg/l. 


TABLE 2 


Description of Test Lubricants 





| Viscosity (cs) 





Oil Code | 100 F | 210F Description 





R-5 31.3. | 5.3 | A solvent-extracted turbine oil 
base stock 
R-6 39.4 | 5.8 A USP grade white mineral oil 
S-8 33.251. 68 A MIL-L-9236 type oil (heavy 
diester) 
S-10 53.8 18.6 An experimental silicone oil 
S-11 50.0 — An experimental silicone oil 
S-12 29.0 5.3 A MIL-L-9236 type oil (pent- 
aerythritol ester) 
T-5 17.2 4.6 A qualified MIL-L-7808 oil 
| (diester) 
T-7 13.3 3.4 | A qualified MIL-L-7808 oil 
(diester) 
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TABLE 3 
Effect of Inert-gas Atmospheres on the Scuff-limited Load of Mineral Oil R-5 and its Blends 











Scuff-limited load (Ib/in.)* 
Oil code Static air | Flowing air Flowing nitrogen Flowing argon 
R-5 870 (6) 1060 (6) 2000 (8) 1650 (4) 
R-5+5% TCP 1630 (4) 1740 (2) 3420 (5)> 3250 (2) 
R-5+5% sulfur type additive 1370 (4) 1910 (2) 2480 (6) 2540 (2) 
R-5+5% chlorine type additive 2880 (4) 2940 (2) 3940 (5) 4050 (2) 














® Determinations made with standard Ryder gear machine. The number in parenthesis indicates the number of determinations used 


in obtaining the tabulated scuff-limited load. 


> Excessive scuffing and plastic flow of metal was obtained on ‘‘A’’ side of the test gears in one of the tests. Consequently, tests were 


not made on “B’’ side. 


Test lubricants 


A brief description of the lubricants used in the work 
reported herein is presented in Table 2. These lubricants 
fall into three broad classes, as follows: 


Class R 
This class designates mineral oils containing no extreme- 
pressure additives. 


Class S 
This class represents experimental synthetic lubricants 
which are not produced in large quantities. 


Class T 
This class designates qualified MIL-L-7808 lubricants. 
Virtually all of the test lubricants are of proprietary 
makes. It is not possible to identify the lubricants further, 
or provide more detailed descriptions on them, because of 
the proprietary interests involved. 


Results and discussion 


Performance of Mineral Oils and Blends 

Table 3 presents the results obtained on mineral oil R-5, 
and the same oil to which was added, respectively, 5% 
of tricresyl phosphate, 5% of a sulfur type additive and 
5% of a chlorine type additive. This work was done with 
the standard Ryder gear machine and the inert gas system 
shown in Fig. 1. The column designated “static air” shows 
the results of standard load-carrying capacity tests, which 
were conducted with the gear case vented to the surrounding 
atmosphere. The columns designated “flowing air,” 
“flowing nitrogen” and “flowing argon” present, respec- 
tively, data with air, nitrogen and argon flowing through 
the gear case. Roughly two-thirds of the determinations 
with flowing air or inert gases were made under carefully- 
controlled flow conditions (see Test Procedure). The flow 
conditions for the other third of the determinations, made 
early during the investigation, were not controlled. For 
the sake of brevity, the individual scuff-limited load values 
are not given here. However, examination of the original 
data shows that there was no significant difference between 
the results obtained under controlled and uncontrolled 
flow conditions. For this reason, these data are grouped 
together, and only one average value is given for each case. 

From the data presented in Table 3, as well as those 


shown later in Table 5, it may be seen that there was no 
significant difference between the data obtained with static 
air and flowing air. There was also no significant difference 
between the data obtained with flowing nitrogen and 
flowing argon. Table 3 further shows that the substitution 
of a nitrogen or argon atmosphere for air resulted in a 
marked increase in the load-carrying capacity of oil R-5, 
and likewise for each of its additive blends. Since the data 
with static air and flowing air, as well as the data with 
controlled and uncontrolled flow conditions, were practic- 
ally equal, it is clear that there could not have been much 
difference in heat transfer or oil flow pattern in the gear 
case, to an extent sufficient to alter the oil viscosity or oil 
distribution on the contacting gear teeth. Consequently, 
the increase in scuff-limited load in the presence of the 
inert gases must have been due to the removal of air from 
the system. Naturally, the attention was turned to the 
possible role played by oxygen. In view of the information 
available in the literature at the time this work was being 
done (1-4), the dramatically beneficial effect derived pos- 
sibly from oxygen removal was, to say the least, quite 
unexpected. In order to check the validity of the early 
measurements, it was therefore decided that another set 
of experiments should be run, in which special effort would 
be made to insure elimination of oxygen from the system. 


TABLE 4 


Effect of Inert-gas Atmospheres on the Scuff-limited Load 
. of Mineral Oil R-6 and its Blend 











Scuff-limited load (Ib/in.)* 
Flowing Flowing Flowing 
Oil Code air | nitrogen argon 
R-6 740 (4) 1710 (4) 1600 (2) 
R-6+5% TCP 1580 (4) 2720 (4) 2630 (2) 














*Determinations made with research Ryder gear machine. The 
number in parentheses indicates the number of determinations 
used in obtaining the tabulated scuff-limited load. 


Table 4 presents the results of the later experiments, 
made on the research Ryder gear machine in conjunction 
with the inert-gas system shown in Fig. 2. Another mineral 
oil, R-6, and a blend of this oil with 5% tricresyl phosphate 
were used in this program. Special attention was given in 
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all inert-gas runs to remove oxygen and moisture from 
the entire system. As noted in Test Procedure, before 
performing each test, the test oil was first deaerated, and 
then the inert-gas atmosphere was applied. It is estimated 
that oxygen contamination in the system could not have 
been more than a mere trace, and the moisture content 
was somewhere between 0.005 and 0.01 mg/l. It will be 
seen that the data in Table 4 verify remarkably well the 
general trends shown in Table 3. 

It should be remarked at this juncture that in both the 
standard Ryder gear machine and the research Ryder gear 
machine, separation of the test oil and support oil chambers 
must depend upon the effectiveness of the shaft seals used. 
The standard Ryder gear machine uses elastomer seals, 
and a MIL-L-6082, Grade 1100, mineral oil as the support 
oil. On the other hand, the research Ryder gear machine 
uses screw-thread type non-rubbing seals, and a MIL-L- 
7808 synthetic oil (T-5) as the support oil. In view of the 
excellent agreement of trends shown in Tables 3 and 4, it 
does not appear that there was any appreciable contamin- 
ation of the test oil by the support oil in both instances. 
However, in order to make sure that this was indeed the 
case, infrared spectral studies were made on a number of 
tests made with the research Ryder gear machine. On the 
basis of these measurements, it was found that the test oil 
was free of any support oil, as long as care was exercised 
in the purging of the machine with inert gas. 

There is little question from the data presented here that 
the use of an inert gas atmosphere (nitrogen or argon) 
greatly increased the load-carrying capacity of the two 
mineral oils and their additive blends. Although it cannot 
be said that the effect was definitely due to removal of 
oxygen from the system, nevertheless there is no question 
that the oxygen contamination was exceedingly low—and 
certainly comparable to similar experiments that have been 
published. It is possible that the role played by oxygen 
might be different in instances where the lubricant supply 
is very little or none, as compared with the present case 
where a copious amount of the lubricant is present on the 











TABLE 5 
Effect of Inert-gas Atmospheres on the Scuff-limited Load 
of Synthetic Oils 
Scuff-limited load (Ib/in.)* 
Static Flowing | Flowing 
Oil code air | air nitrogen 
T-5 | 22400 2180 (3 2040 (2) 
T-7 2360» 2380 (2) 2030 (2) 
8-8 2800¢ — 3090 (2) 
S-10 3980> 5090 (4) 4750 (3) 
S-11 2390> 2130 (2) 3080 (4) 
S-12 2480¢ mes | 1830 (2) 











® All determinations made with standard Ryder gear machine 
except those marked ‘‘c’’. The number in parentheses indicates 
the number of determinations used in obtaining the tabulated 
scuff-limited load. 

> Data taken from previous work, and based on at least four 
determinations in each case. 

© Determinations made with research Ryder gear machine. 


sliding surfaces. The recent work by Glaseer (5) seems to 
lend some credence to this thinking. 

During the course of these experiments, the nature of 
tooth surface finish was examined in certain selected 
instances. Although definitive findings were not possible, 
there was some indication that the nature of the scuffed 
surface was not identical in the presence of air or an inert 
gas. lt appears that the surface failure in the presence of 
air was predominantly scoring, or light welding and tearing 
apart of the metal. On the other hand, the surface failure 
in the presence of nitrogen or argon was predominantly 
abrasion, with plowing marks extending radially on the 
surface. The fact that excessive scuffing and plastic flow 
of metal was observed on two occasions in the nitrogen 
atmosphere (see Table 3) seems to suggest that failure 
occurred very rapidly or abruptly in such instances. While 
these observations cannot pinpoint the mechanisms in- 
volved, they do suggest that the use of an inert gas, or the 
removal of oxygen and moisture, could have an important 
effect on the mode of scuffing failure. 


Performance of Synthetic Oils 

The effect of inert-gas atmospheres on the performance of 
six synthetic oils is shown in Table 5. It appears that 
inert-gas blanketing had little, if any, effect on the load- 
carrying capacity of two MIL-L-7808 oils (T-5, T-7), two 
MIL-L-9236 type experimental oils (S-8, S-12), and one 
silicone oil (S-10). Inert-gas blanketing appears to have a 
beneficial effect on the silicone oil S-11, in roughly the 
same order as the mineral oils noted previously. It is not 
clear why most of the fluids showed little or no response 
to inert-gas atmospheres. However, the fact that these 
lubricants, such as the two MIL-L-7808 oils, did not 
depend on an appreciable amount of oxygen for their 
load-carrying capacity is of both theoretical and practical 
interest. 


Conclusions 


The experiments show that with AMS-6260 steel gears 
under carefully controlled conditions, the use of an inert- 
gas atmosphere markedly increased the load-carrying cap- 
acity of two mineral oils and the same oils fortified with 
different extreme-pressure additives, as well as a proprietary 
silicone oil. However, two MIL-L-7808 oils and three 
other experimental oils, including another silicone fluid, 
showed little, if any, response to inert-gas blanketing. 

Possible differences in the mechanisms of tooth scuffing 
in the presence of air and an inert gas was indicated. The 
possible role of oxygen was also examined. However, on 
the basis of data obtained, no really satisfactory explanation 
for the observed phenomena can be offered. 
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DISCUSSION 
E. A. Ryper ( W. Hartford, Conn.): 


The authors are to be commended for this unusual 
paper in which all the apparatus is carefully described and 
each step of the procedure is clearly and completely set 
forth. We have been told exactly what the experimenters 
did, so that we can form our own estimate of the validity 
of the results. Too many papers are presented which are 
so vague that listeners cannot really find out what the author 
was doing. 

As to the results, it seems that more questions are raised 
than are answered. It is true that some of the uncertainties 
that were present in certain previous work (such as refer- 
ences (1) and (2)) were eliminated by meticulous treatment 
of the atmosphere gases. I have had the privilege of looking 
at the authors’ log sheets, and in comparing the different 
runs there is no particular difference in the mode of failure 
as indicated by the rate of increase of scuffing while load 
is added. 

In dry friction, oxide debris seems to accelerate wear. 
Have the wear particles been examined to see if they are 
different in the cases of different atmospheres? ‘The 
composition, size, shape, or other characteristics of the 
particles should throw light on the phenomenon being 
studied. 

A possible explanation of the results disclosed by the 
authors is suggested by recent work on small instrument 
bearings. It was found that polymerization of the oil was 
taking place, increasing the viscosity of the oil and inter- 
fering with proper bearing performance. It was believed 
that organic reactions were catalyzed by oxygen-free metal 
surfaces created by abrasive particles left within the bear- 
ings at the time of manufacture. 

In the case of gears, we might assume that in air, slightly- 
scuffed surfaces are quickly oxidized (the spot temperatures 
being quite high), but in an inert atmosphere the bare, 
clean metal resulting from light scuffing may remain 
oxygen-free and catalyze polymerization of a film of oil; 
the resulting increase in viscosity would in itself raise 


load-carrying capacity. Other properties than viscosity 
would also change, and moreover, it would be expected 
that differences would show up between mineral oils and 
some of the synthetics. 

Perhaps we could have comments from a chemist on 
the possibilities suggested. 


D. GODFREY: 

The results in this paper are provocative in regard to 
understanding why an increase in load-carrying capacity 
was obtained in inert atmospheres. In 1953 Fenske and 
co-workers stated that petroleum oils gave improved high- 
temperature performance when protected by an inert 
atmosphere. Recently Feng and also Godfrey observed 
higher wear and friction in inert atmospheres than in air. 

The seemingly contradictory results published by various 
people were obtained under different lubricating conditions. 
The conditions range from those in a friction apparatus, 
which is predominantly boundary lubrication, to those in 
the gear rig, in which there is no doubt appreciable hydro- 
dynamic lubrication. The authors found a beneficial effect 
of inert atmospheres in a high-speed gear machine. With 
the Four-Ball apparatus Feng found that inert atmospheres 
increased wear and surface damage with petroleum oils. 
With the Falex apparatus Godfrey found that inert 
atmospheres had little effect on the load-carrying capacity 
of white oil but decreased the load-carrying capacity of 
sulfurized white oil. With a friction apparatus Godfrey 
found than an inert atmosphere increased the coefficient 
of friction of steel sliding on steel in the presence of sulfur- 
ized white oil. With a bearing rig, Glaeser found that 
wear in inert atmospheres was dependent upon the depth 
of oil over the bearing. 

In the authors’ experiments, the increase in load-carrying 
capacity was observed primarily with petroleum oil. The 
base oil alone showed an increase approximately equal to 
that of the base oil plus extreme pressure additive. There- 
fore, the mechanism responsible for the increased load- 
carrying capacity of the gears should be found in the 
effect of oxygen on the base oil. 

In conclusion, the effect of inert atmospheres on lubri- 
cation has not yet been established. There is not enough 
data to permit a generalization or make predictions. This 
work points out the need for fundamental research on the 
effect of oxygen on specific lubrication mechanisms. 


AuTHOoRS’ CLOSURE: 

Mr. Ryder’s kind words about the thoroughness with 
which the writers presented all pertinent details of this 
investigation are indeed much appreciated. Because of the 
lack of a definitive understanding of this problem, the 
writers considered it not only wise, but also necessary, to 
relate the steps as completely and clearly as possible. 

It was not within the scope of this investigation to delve 
into the reasons or mechanisms involved. In preparing 
this paper, the writers took special pains to report only 
the experimental methods and results, and refrained from 
generalizations on the phenomenon or speculating on 
possible explanations. This does not of course mean that 
the writers had not given this aspect of the problem much 
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attention, and were not intrigued by the findings. However, 
on the basis of the work done, the writers are frankly at 
a loss to offer a reasonably satisfactory explanation for all 
of the results obtained. 

In reply to Mr. Ryder’s question on the wear debris, no 
observations or analyses were made during the course of the 
investigation. However, asstated in the paper, possible differ- 
ences in the mechanism of tooth scuffing were observed. 

With reference to Mr. Godfrey’s remarks, there is of 
course no doubt about the existence of hydrodynamic 
lubrication to an appreciable extent, particularly at high 
speeds. However, just how this will explain the effect of 
inert-gas atmospheres on load-carrying capacity is not clear. 


The fact that the writers have been keenly aware of the 
possible role of oxygen has been clearly delineated in the 
paper, and needs no further elaboration here. The writers 
concur with Mr. Godfrey about the need for further basic 
research into the mechanism of the effect of inter-gas 
atmospheres on gear lubrication. It is regrettable that the 
scope of the present investigation did not permit it. Because 
of this, the provocative thoughts and challenging arguments 
made by Messrs. Ryder and Godfrey are all the more 
appreciated. It was the writers hope that this paper might 
stimulate some genuine interest on this intriguing problem. 
The interest shown by the discussors proves gratifying. 




















The Effect of Root Lubrication on the Damping of Cantilever Beams 
By R. V. KLINT! and R. S. OWENS? 


Lubricating the root contact surfaces of a simple cantilever beam will increase the vibration 
damping of the beam. Experimental evidence is given for cantilever beams of cold-rolled 
steel, stainless steel, and brass, with contact surfaces dry and greased. 

Soft-metal platings as alternate lubricants were used as suggested by the work of Bowden and 
Tabor. They are shown to produce a significant increase in the damping of cantilever beams; 
and while this increase is not so great as for greased surfaces, their use appears promising 

and worthy of further study for possible applications where grease cannot be used. 


Introduction 


THE response of mechanical systems to vibratory stimuli 
has long been recognized to depend on two primary factors: 
resonant frequency and damping. The first is well known— 
that of determining, during design or preliminary tests, 
the resonant frequencies of machine components, such as 
turbine blades, and then avoiding excitation frequencies 
by control of turbine speed and nozzle partition passing 
frequencies (1, 2). The second, damping, has also long 
been recognized as important in controlling vibrations (3). 

The control of damping may be considered from two 
sources: material damping and structural damping. 
Considerable work has been done in measuring the material 
damping (4-7) and in applying it to engineering problems 
(8, 9). However, structural damping is not in general as 
well predicted in design nor controlled in practice even 
though much work has been done (10-13). There are 
numerous special sources of damping such as tuned 
vibration absorbers and impact dampers, but this paper 
will be restricted to damping caused by rubbing contact. 

It is recognized generally that friction may be a great 
source of damping and, while quite variable, may become 
quite large under some conditions. Hence, a gas turbine 
blade may have very large friction damping when installed 
in a turbine, but the effect may diminish and even disappear 
at high engine speeds when centrifugal force tightens the 
blade in the wheel (14). Klumpp and Lazan (15) approach 
the problem of examining the nature of the friction under 
oscillating conditions and discuss the possible forms that 
the response curve may take with various types of damping. 
However, in their experiments, the amplitudes of slipping 
are large such that Coulomb friction for dry-metal surfaces 
is evident. 

Measurements have been made of the free-vibration 
decay to determine the damping of a system numerous 
times in the literature. Thompson (5) and Hatfield et al. 
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(6) describe the use of free-vibration decay measurements 
to determine material damping as do Schabtach and 
Fehr (7). 

The existence of the damping at the support of a canti- 
lever (such as a turbine blade) is recognized throughout 
the literature. Little appears relating the damping to the 
lubrication at the support. One such report of a meeting 
at the NACA Lewis Flight Propulsion Laboratory re- 
corded in Mechanical Engineering (16) pointed out that a 
remedy for excessive compressor-blade vibration has been 
the introduction of enough damping in the blade mount 
to overcome the aerodynamic excitation. From this note: 
“In the conventional method of blade mounting, when 
the engine is operating, the centrifugal pull on a blade is 
so great that it is effectively locked in the mount and it is 
difficult to introduce damping. If a thin film of dry lubricant 
is introduced between the blade and the mount, then the 
locking action is minimized and damping can then be achie- 
ved. Use of this technique, when applied to compressor 
blades, reduced the stress amplitude to about one-third 
its former magnitude.” Further details are given by 
Hansen (17). 

It appears that damping resulting from rubbing friction 
is an incompletely understood and much-needed phenom- 
enon. The question may then be raised: How should 
contact surfaces on structures such as cantilever beams be 
prepared? Should they be lubricated or kept absolutely 
free from lubrication? The objective in this report is to 
show that lubrication of these contact surfaces will increase 
the damping of a cantilever beam. 

The prime interest in undertaking this study was to 
examine a means of reducing the vibration of compressor 
and turbine blading by damping introduced at the support. 
For that reason a simple cantilever beam was selected as 
the mechanical structure to be damped by this means. 


Logarithmic Decrement 
Timoshenko (22) shows that logarithmic decrement for 
a viscous damped vibrating system can be defined by 
1 x0 
5 = - log — 
n %& 
where xo is the initial amplitude of vibration and x, is the 
amplitude after n cycles. 
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In practice, the peak-to-peak vibration amplitudes may 
be plotted on semilog paper against the consecutively 
numbered cycles. The slope of the line produced then 
corresponds to the logarithmic decrement. This will be a 
straight line only in the case of viscous damping. Klumpp 
and Lazan (15) point out that “the use of an equivalent 
viscous damping coefficient is most often used in design 
considerations of a vibrating system. This artifice works 
surprisingly well even in cases where small nonlinearities 
in damping and elasticity are present.” 


Effect of Friction at the Contact Surface 

Consider the inertia of the beam during vibration as 
a concentrated force W; (only for simplicity in this quali- 
tative argument) active at some distance L from the base 
of the cantilever. Consider also a distributed reacting 
force F acting at the contact surface of the beam and holding 
blocks (Fig. 1). Then, for equilibrium of moments 


W,L = Ft 


Hence, the reacting force F is proportional to the inertia 
force W; and to the amplitude of vibration. 'There will be 
a relatively steep force-displacement characteristic if dry- 
metal rubbing occurs at the surface of contact displayed 
at first; the slope corresponds to the elastic modulus as 
surface irregularities are strained. At some peak of force 
corresponding to the static coefficient of friction the 
friction force will probably fall off (depending on the 
exact nature of the surfaces) to a lower value corresponding 
to the kinetic coefficient of friction relatively independent 
of the velocity of sliding. 








Wn 
. F ‘ \w 
J 
. 
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Fic. 1. Idealized force equilibrium in a cantilever beam. 


If a certain small reacting force is required as in Fig. 2 (a), 
the shaded area represents the energy dissipated by friction 
in a haif cycle. However, if the surfaces are lubricated as 
shown in Fig. 2 (b), the same reacting force will result in 
a larger energy dissipation, assuming the contact surfaces 
can displace as much as is shown. 

It appears, then, that for a given vibration amplitude 
the lubricated surface will have a greater damping. This 
must be qualified by the meaning of “lubrication.” Here 
it means that lubricated surfaces have a lower static 
friction coefficient than dry-metal surfaces. The example 
shown in the figure has a higher kinetic coefficient for the 
“lubricated” surface; yet it will dissipate more energy, 
because the static friction coefficient is very small. 
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Fic. 2. Qualitative comparison of energy dissipation at contact 
surface with dry (high friction) and lubricated (low friction) 
surfaces. 


Choice of Lubricants 

A bearing grease was used to coat the contact surfaces 
of three of the beams. The validity of the statement, that 
lubricating the contact surfaces of a mechanical joint such 
as a simple built-up cantilever beam will increase its 
damping, is based primarily on the performance of this 

ase. 

One method that has offered promise is the use of soft- 
metal platings to reduce the coefficient of dry-metal 
friction. It seems that this method of lubrication, if it did 
increase the damping of the cantilever beam, would have 
wide application in turbomachinery design since the oxid- 
ation of the grease and its evaporation would be circum- 
vented by the use of soft-metal platings used without 
greases. 

Bowden and Tabor have been proponents of this method 
of reducing dry-metal friction (18, 19). They have shown 
that the friction coefficient may be minimized with the 
proper soft-metal coating thickness, and that increasing 
the contact pressure on these surfaces decreases the co- 
efficient of friction. Since the present study involves 
varying normal force, a pressure dependence might well 
be expected. 


Beams 

A standard beam size of 6} by 1 by 7g in. was arbitrarily 
adopted, which had a natural frequency of 63 c/s in the first 
flexural bending mode for steel when mounted as indicated 
below. Six of these were made of cold-rolled steel (CRS), 
six of 347 stainless steel (SS), and six of free-cutting half- 
hard brass. 

For the CRS beams, one was left dry (after being care- 
fully cleaned with solvent), one was silver plated 0.001 in., 
one was indium plated 0.001 in., one was cadmium plated 
0.001 in., one was dipped into dry molybdenum disulphide 
powder and the excess shaken off, and one was liberally 
coated with grease. All the coatings and platings were 
applied only to the contact surface and about } in. beyond. 

The same treatment was given to the sets of stainless 
steel and brass beams. 


Holding Blocks 

The same holding blocks were used for all beams. They 
were made of tool steel 24 by 24 by 1} in. and hardened to 
61 Rockwell “C’”. They were cleaned with solvent and 
scrubbed with rough cloth between each test. 
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Apparatus 


A beam and the holding blocks were positioned in the 
center of a hydraulic press shown in Fig. 3. 

To determine the applied normal force accurately, a 
small hydraulic ram was mounted above the holding blocks 
and directly connected to a pressure gauge (see Fig. 4). 
The piston and cylinder of this ram were carefully machined 
from steel. 

Each beam had a wire-resistance strain gauge affixed 
near the base of the blade. The gauge signal was amplified 
and displayed on an oscilloscope, having a camera attach- 
ment. 

In operation after the water press had been loaded and 
the small ram-pressure gauge reading noted, the beam was 
deflected by a metal spacer giving a constant initial de- 
flection. With the oscilloscope sweeping, the camera lens 
was opened and the spacer quickly removed; when the 
decay on the oscilloscope was seen to be sufficiently com- 
plete, the camera lens was closed. 





Fic. 3. Arrangement of equipment. 


Method of calculation 


A few of the prints taken during the course of this 
investigation are reproduced (in a somewhat reduced size) 
in Fig. 5. Amplitude was plotted against cycles on semilog 
paper and a straight line was drawn through these points. 
As shown previously two points on this line (x9 and x») 
were noted at m cycles apart, and the logarithmic decrement 
calculated. Typical semilog plots are shown in Fig. 6. 
Figures 7 through 14 show the results of the calculations 
of damping for the various cantilever beams. 

It is seen in some of the semilog plots that departure 
from a straight line occurs at a few of the initial cycles. in 
general, these points were ignored in drawing the lines. 
It appeared conservative to use the lower values of damping 
obtained by neglecting these points. 

Considerable care was taken to standardize the method 
of procedure to prepare the equipment. For one set of 
repeated tests, the maximum disagreement was 14% at 
the lowest normal force, and 9% at the maximum normal 
force. 





Fic. 4. Beam and blocks in position. 


Effectiveness of coatings 


Uncoated Beams 

It can be seen in Fig. 7 that for a given beam the damping 
is high at low normal force and then levels off as the normal 
force is increased. This is the normal, expected behavior 
of such a mechanical system in which the beam, blocks, 
upper ram and large hydraulic press are contributing to 
the damping. When the system is loose (low normal force) 
energy dissipation occurs at all contact surfaces of the 
system and in the material of the system. As the system is 
tightened (high normal force) relative motion at the contact 
surfaces is decreased; if the friction coefficient at these 
contact surfaces remains relatively constant, the rate of 
energy dissipation (damping) decreases. As this relative 
motion diminishes to zero the energy dissipation approaches 
a minimum which is primarily composed of the material 
damping of the system. 

Since in all cases the system is the same (except for the 
beam in test) the damping at high-normal force for the 
three beams of Fig. 7 should reflect the values of material 
damping given for the materials in the literature (4-6). 
Values of material damping cannot be checked exactly 
because the writers’ system damping is surely a significant 
part of the total damping. However, the literature consis- 
tently gives values of material damping for ferritic metals 
(such as cold-rolled steel) considerably higher than those 
for austenitic metals (such as 347 stainless steel). This is 
due to the ferromagnetic effect discussed by Cochardt (20). 
This is observed in Fig. 7. The damping for the dry brass 
beam is intermediate, but tends toward the lower values of 
the stainless steel beam; brasses may have widely varying 
dampings, but evidently this particular brass has relatively- 
low material damping. 

It is to be noted that since the system damping is signi- 
ficant the conclusions from these results can only be 
qualitative. Efforts were made to reduce the system 
damping by removing excess attachments to the press, 
eliminating air from both hydraulic systems (which would 
increase flexibility of the system), and isolating the system 
components from the beam and holding blocks by the use 
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Fic. 5, Reproduction of decay curves. 


of three 0.017 in. steel wires shown in Fig. 4 (one above 
and two below the blocks). Nonetheless, the system 
damping remained considerable. If a stainless steel material 
damping of 0.001 is assumed, then at 300 lb normal force 
the system damping (including friction at the contact 
surface, but excluding the beam material damping) is 
about 0.011. This compares well with the cold-rolled 
steel beam at 300 lb normal force with a total damping of 
0.028. If the estimated system damping of 0.011 is sub- 
tracted, a not unreasonable value of 0.017 is obtained for 
the material damping of the CRS beam. 


Indium Plating 

The damping of the beams with the indium platings 
(Fig. 8) shows the same ranking of the base metals with 
material damping as the dry; the CRS beam has the 
highest damping, the stainless steel beam has the lowest 
damping, and the brass beam is intermediate. However, 
it is noticed that the damping at the lower normal forces 
for the indium plated beams is lower than for the dry beams. 
Furthermore, the damping for the brass and stainless 
steel beams is almost independent of normal force for the 
range covered. This effect could be a result of the friction 
coefficient at the contact surfaces changing with normal 
load. It is striking that Bowden and Tabor show that the 
friction coefficient for indium-plated steel surfaces decreases 
for increasing normal force, while for dry and greased steel 
surfaces the friction coefficient is relatively independent of 
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normal load. Their measurements on indium-plated 
surfaces lend support to the damping model proposed for 
these cantilever beams in this report, since at the lower 
normal forces, the damping is low (compared to that for 
dry contact surfaces). Then the friction coefficient according 
to the damping model must be relatively high. 
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Fic. 8. Damping of cantilever beams—indium-plated contact 
surfaces. 


Cadmium Platings 


The damping results for the cadmium-plated beams 
(Fig. 9) seem at first glance almost contradictory. The CRS 
beam damping decreases somewhat with increasing normal 
force as previously, but the brass beam damping decreases 
initially as the normal force is increased and then increases, 
while the stainless steel beam damping increases with 
increasing normal load over almost the whole range. This 
odd behavior may well be explained by the variation of 
friction coefficient with normal force. But since such a 
curve for cadmium plate is not available, no definite con- 
clusions can be drawn. 


Silver Platings 


A similar condition is observed for the silver-plated 
beams (Fig. 10). In all three beams a rising trend in damping 
is noted during some part of the increase in normal force. 


However, the behavior of the brass beam with the silver- 
plated contact surface is more consistent with the silver- 
plated CRS and stainless steel beams than the cadmium- 
plated brass beam is with the cadmium-plated CRS and 
stainless steel beams. This may be because of the relative 
softness of cadmium, silver, and brass, but without adequate 
friction data this is merely conjecture. 
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Fic. 10. Damping of cantilever beams—silver-plated contact 
surfaces. 


Molybdenum Disulfide Coatings 

The blades with molybdenum disulfide do not show as 
much increase of damping as might be expected (Fig. 11). 
However, the use of this material as a lubricant requires 
care. Sometimes oil is used as a vehicle to apply the powder ; 
even vehicles such as corn syrup have been used (20). It 
is often difficult to differentiate between the lubricating 
effect of the vehicle and the powder. Accordingly, only a 
thin coating of the dry powder was used, the excess being 
shaken off. The level values of damping at high normal 
force for the brass and stainless steel beams were about the 
same as those for the dry beams, while the damping of 
the molybdenum disulfide coated CRS beam was slightly 
less than that of the dry blade. It is difficult to see how any 
coating of this powder would increase the friction of metal 
surfaces; it might be that the difference in damping is 
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here as a result of the unequal material damping in the two 
CRS beams. 
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Fic. 11. Damping of cantilever beams—molybdenum disulfide 
on contact surfaces. 


Greased Surfaces 


The effect of grease on the damping of the beams is 
very pronounced. Comparison of the greased beams with 
the dry in Figs. 12, 13 and 14 shows that in every case 
the damping of the greased beam is higher at the same 
normal force. Since there is little question about the action 
of grease as a lubricant, the validity of the statement is 
established that lubricating the contact surfaces of a 
cantilever beam will increase its damping. 


Use of Platings to Increase Damping 

There is not general success in finding a substitute for 
grease in increasing the damping of these beams. It does 
appear that the silver plate, above 150 lb normal force, 
yields higher damping than the dry (albeit not as high as 
the greased beam). It is interesting that the indium plate 
does not yield damping values much different from those 
of the dry beams except at the low normal forces. The 
cadmium plate works well to increase the damping of the 
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Fic. 12. Damping of cantilever beams—CRS with platings, 
greased and dry. 





stainless steel beam, but has little effect on the CRS beam 
at higher normal forces, while its behavior on the brass 
beams is quite variable. 

These variable results cannot be caused by error entirely. 
All measurements were made in the same fashion, and the 
good agreement of the check points indicated and the con- 
sistent behavior of all the dry and greased beams confirm 
that the damping values shown on the curves are reasonably 
close to those actually in the system. Even the indium- 
plated beams show consistent data explainable in light of 
the variation of friction with normal force. The cadmium 
and silver platings give data that do not appear as consistent. 


& 
T 


g 
T 





3 


r 


0 | i | | ! 
0 100 200 300 400 500 
NORMAL FORCE ON CONTACT SURFACE, POUNDS 
Fic. 13. Damping of cantilever beams—stainless with platings, 
greased and dry. 


LOGARITHMIC DECREMENT - (DIMENSIONLESS) 








This may be due to the (unknown) friction—normal force 
relation for these surfaces. For example, the behavior of 
the drass beam with cadmium plate may be a result of the 
friction coefficient increasing with normal force to about 
200 lb and then decreasing above that force. 

Another possibility is that the system may change 
during test. The writers do not know the effect of sustained 
load, or the vibration of the beam as decay curves are 
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recorded, on the nature of the friction of the silver- and 
cadmium-plated surfaces. Further, there may well be a 
variation in the results as the loads are relieved and re- 
applied. 


General considerations 


The effect of higher modes of vibration has been neg- 
lected in this report. Surely, when a beam is plucked in 
the manner illustrated here many modes are excited. The 
second bending mode of these beams is about 4000 c/s. 
Since the carrier frequency of the amplifier is 20,000 c/s, 
this mode is carried through. Accordingly, a capacitor was 
put across the oscilloscope terminals to filter out some of 
the high-frequency component. Some of the signal evidently 
came through and may thus be the cause of initial waviness 
of the decay curves shown in Fig. 5. Even if the higher 
modes were completely filtered out by the electronic 
equipment, they could still be present in the beam and so 
dissipate more energy in material damping. However, if 
it is assumed that the same logarithmic decrement for higher 
modes as for the first bending mode apply, then the second 
bending mode will have decreased to a negligible amplitude 
after about 10 cycles of the first bending mode if the first 
bending mode takes about 70 cycles to decay to a negligible 
amplitude. This was one of the reasons for ignoring the 
initial points of some of the semilog plots in Fig. 6. 

Two other considerations diminished the importance of 
the initial points on the semilog plots. First, there is a 
transient during the first few cycles during which the 
deflection curve changes from that due to a concentrated 
load at the tip to one resulting from the distributed, time- 
varying dynamic load. Second, many materials, particularly 
carbon steels, exhibit an increase in material damping as 
the stress is increased. At the low stresses used in this 
experiment, this change in material damping is negligible. 

Another consideration concerning the effect of lubri- 
cation at the contact surface is the (unknown) relation 
between the friction coefficient determined from the usual 
unidirectional sliding tests, and the friction coefficient 
that would be obtained from oscillating sliding tests. 
Klumpp and Lazan (15) have made such measurements, 
but their amplitudes of vibration are very large (about 
0.01 in.) when compared to the estimated amplitude of 
movement at the contact surface in the order of microinches. 
Considerable study should be devoted to determining just 
what are the amplitudes of motion at the contact surface 
and what is the frictional behavior under these oscillating 
conditions. 

While it is estimated that system damping in these tests 
is significant, it is not felt necessary to go to great lengths 
to eliminate it entirely. The important consideration is to 
be sure that system damping is no more than the order of 
magnitude of the quantity sought for, which is the damping 
at the contract surface of the beam. Then, if the system 
damping can be determined accurately, independent of the 
damping action of the contact surfaces, it can be subtracted 
from the overall damping measurement made to yield the 
damping at the contact surface. One method to accomplish 
this is to use a beam that is brazed to a set of holding 
blocks. This would yield a damping measurement which 


would include all the material and system damping, but 
no damping at the contact surface, This must be done 
before accurate quantitative data can be obtained on the 
damping action at the contact surfaces. 


Conclusions 


It has been established here that lubricating the contact 
surfaces of a cantilever beam will increase the damping of 
the beam by increasing energy dissipation at these contact 
surfaces. The use of grease as a lubricant for this purpose 
is shown to be effective. 

While seeking to use a soft-metal plating as a lubricant 
for this damping purpose, it was found that silver plate 
gave damping considerably higher than the bare metal 
surfaces at all but the lowest normal forces. The worth of 
cadmium plate in increasing the damping was variable, it 
being of significant value on the stainless steel beam, of 
little value on the CRS beam, and of variable value on the 
brass beam. The indium plate was of little value on any 
of the beams, and it even caused a decrease in the damping 
at the lowest normal forces for the CRS beam compared 
to the bare metal surfaces. But the use of soft-metal platings 
to increase cantilever beam damping is established, al- 
though no generalizations applicable to design practice 
can be made. Each possible application should be investig- 
ated separately. 

The use of molybdenum disulfide as a lubricant to 
increase the damping of cantilevers seems reasonable, but 
the data given here are inconclusive on this point. The use 
of this substance to decrease friction is well established in 
the literature. However, it was not found to be of any value 
in increasing the damping in this work. This may be due 
to the fact that only a thin coating was used. Hence, the 
use of molybdenum disulfide to increase damping should 
be investigated further, using thicker coats together with 
a suitable vehicle. 

Similarly, the effect of the thickness and material of 
the plating and the nature of the base metal on the damping 
may be significant. Other factors that should be considered 
that have not been examined in this report are (a) the 
effects of repeated application of the normal load, (b) of 
sustained vibration of the beam on the damping, and (c) 
the effect of sustained application of the normal load. 
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DISCUSSION 


E. H. Hutu (Research Laboratory, General Electric Com- 
pany, Schenectady, New York): 


This paper indicates that platings of soft metal such 
as indium produce less root lubrication than platings of 
harder metals or than the harder base metals. Since in 
these experiments the root of the cantilever is clamped 
with some compressive force, the actual area of contact 
must be inversely proportional to the elastic limit of the 
plating metal providing the plate is thicker than the 
asperity height of the base metal. It is suggested that the 
comparatively large area of contact resulting from soft 
plating materials allows little relative motion and hence, 
low root damping. 


AUTHOR’s CLOSURE: 

This point appears to be well taken and might well be 
the cause of the low damping observed in our experiments 
with indium platings. It does not, however, rule out the 
possibility of using indium to increase damping since it 
is conceivable that in some systems the forces are such 
that even with the increase in contact area the relative 
motion between the surfaces could be the same or larger. 
This would then mean an increase in energy dissipation 
and so higher damping. 
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